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1.0 INTRODUCTION AND SUMMARY

High reliability has been the byword of the U. S. space program
since its inception. Reliability took on a special meaning beginning with
the Mercury program wherein man first explored the harsh unknowns of space.
When human 1ife is at stake, the requirements for reliability become high
indeed.

For unmanned spacecraft, the payload is not so precious as that
of the manned version but the mission durations are becoming lorger and the
total financial investments are becoming higher. If the unmanned mission is
to be a success, the mission must be completed, 100%. So now the question
is not just one of high reliability but one of long-term reliability.

The propulsion system of the long mission spacecraft has a unique
responsibility: operate reliably in the space environment for long periods
of tento fifteen years but on an intermittent duty cycle basis of perhaps
only once per year. One of the most critical factors which determines
whether or not the propulsion system can continue to operate reliably is the
complete compatibility of the propellant with the materials of construction.

Complete compatibility can be defined as a state wherein even
subtle interactions will not cause deleterious events over the term of the
mission involved. Often the time from program inception to launch date is
less than the length of the mission. The desire to use the latest materials
of construction means that the design engincer must use short-term experi-
mental data for qualification purposes instead of real-time data. This
leads to doubts concerning the serviceability for long missions and causes
engineers to over design and provide backup components. These both cause
added cost and added weight.

The solution to the dilemma is *o develop the techniques and
methodology whereby short-term data can be used to make reliable long-
term predictions of propellant-material compatibility.




1.1 PROGPAM OBJECTIVES

A
The objective of this effort was tc advance the art of techniques
. for qualifying materials and prepcilants used on chemical Tiquid propulsion ;E
feec systems required for unmanned space exploration vehicles. The materials g
vere to be used with earth storable and space storable propellants at pres- Y $
sures up tc 1CCC psi and operate reliably in the space environment for o
periods of ten to fifteen years ktut on an intermittent duty cycle tasis; “1 E
for example, one or more duty cycles per year during the missicn life. AT
- -~
The techniques developed to meet the objectives were required ,)
to yield data in a much shorter time than the mission life. Accurate ] -
; compatibility and reliability assessments coculd be assigned by means of k
extrenely sensitive measurements of the malefic effects of the propellant -
. on the material, and conversely the effects of the material exposure on the '}
‘ propellant. The words "materials and compatibility" were takern in the broadest
i sense such as to include: scurce, processing, storage, flight type usage, etc. ‘} @ -

The sccpe of the work included analyses, design, feasibility

[

' experimentation, and technical demonstraticn.

Materials considered were related to the following liquid pro- }
pulsion feed system functions:
a. Flow shut off valves
Isclation type valves
Flow metering or throttling devices
Requlators for cold gases
Regulators for hot gases
Vent or relief valves
Fill or service valves
Filters
Tankage and propellant acquisition devices

> 8 Hh o QO O O
T e e e e a2 e

o
.

j. Lines and serv:se connections

hydrazine, diborane, oxygen difluoride, FLOX, and liquid fluorine.

.
b Nl
;4 ~
o

t)
s
)
_\ ()
¢
* Primary emphasis was given to the preopellants hydrazine, monomethyl- O
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1.2 SPECIFIC TASKS

The program was divided into two phases. The first phase coun-
sisted of an examination and development of testing methods and sensitive
measurement techniques and was reported fully in an interim report [1-1]*.
The second phase involved the application of the testing methods and
sensitive techniques to the development of a method of predicting long-term
interaction between proprllants and materials using short-term data. The
results of the latter phase are reportad in this volume. The overall program
is shown in Figure 1-1.

The elements of the first phase of the program consisted of the
following tasks.

Existing Technology Survey

A comprehensive survey was performed of the existing technology
of methods, measurements, and testing techniques for qualifying liquid
propulsion material-propellant combinations for spacecraft applications.
Those which, as currently practiced, would contribute and provide meaningful
results towards determining material-propellant compatibility, performance, ¥
and reliability for long mission durations of ten to fifteen years in space
and planetary environments within the solar system were identified.

Evalvation of Existing Technology
After completion of the survey, a critical evaluation of the
existing techniques was made to determine if any of them could be refined
sufficiently to meet the requirements. Areas of improvement were noted.

e e
-

Development of New Technology

Part of the program effort was devoted to investigating the
feasibility and advantages of developing and utilizing new methods to achieve
significant inprovements over existing ones. Area requiring technology

L
T s
-

advancement were also defined.

* Numbers in brackets refer to references listed in Section S.
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Experimental Demonstration

A complete experimental demonstration of one or more of the
techniques identified in the preceding tas'; was accomplished. A test
program was conducted that gave reliable evidence that the information
obtained was directly correlatable with extended periecds of time, and gave
reliable evidence that the basic program reyuirements were met assuring
satisfactory spacecraft service.

The details of the second phase of the program cci:isisted of
the foilowing tasks.

Development of the Prediction Method

The objective of the task was to establish the detailed methods
and procedures which would be required to predict propellant-material
compatibility for periods of time up to ten years with a high degree of
certainty. The sensitive measurement techniques identified in the first
phase of the program were to be used as a foundation for thc method. The
task was directed toward the development and establishment of an analytical
method which can be used for qualifying candidate propellant-material

combinations.

Verification of the Prediction Method

An integral part of the development of the prediction method
was the orderly laboratory verification of that method. The laboratory
testing played an important role in the modification or addition to the
method to produce the best possible tool. Laboratory data was to be
generated for the materials 6A1-4V titanium and 2219-T87 aluminum with
the oxidizers: FLOX (88:12) and liquid fluorine and with the fuels:
hydrazine and monomethylhydrazine. For the laboratory testing with the
fuels, 304L CRES was substituted for the 2219-T87 aluminum.

Feasibility Demonstration of New Techniques

Several techniques identified under the first phase of work
which showed promise of a capability for detecting subtle changes were
to be assessed on a limited basis.
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Propeliant Monoiayer Buildup Investigation

Previous work [6-1] with hydrazine propellant indicated that
there was evidence of a "monolayer" buildup on a filter screen test .
specimen. This ancillary task was to investigate this phenomenon in -
sufficient depth to determine the significance of this "monolayer®” build- S
up for hydrazine tyne propellants. It was to be established whether the .
deposition was limited to a monolayer, or whether increased time or the
presence of metal contaminants or specific impurities would promote } .
additional deposition to a point where component performance degradation N -
would result. )

1.3 SUMMARY ‘)

A method for the prediction of propellant-material compatibility
for periods of time up to ten years has been developed. The method utilizes
a system of flow diagrams showing analysis paths, decision points, and
required data inputs. The methed also relies on a foundation of basic
chemical kinetics to make predictions about interactions in the future
from accurate short-term data.

The laboratory test program produced results that were extremely
valuable on their own merits in addition to providing data needed for the
checking and verification of the prediction method. It was established
that hydrogen fluoride impurity in fluorine plays an important role in )
the long-term compatibility of liquid fluorine with 6A1-4Y titanium. On )
the other hand, 2219-T87 aluminum was relatively unaffected by liquid . T)
fluorine with hydrogen fluoride present. The action of FLOX (88:12) A
on 6A1-4V titanium was found to be essentially the same as that of liquid {rt) }.
fluorine. Predictions on the amount of metal buildup in the propellant - i
(and thus the overall compatibility of the combinations) were made using {’f) ; g
the prediction method. These predictions indicated excellent compatibility -
for the terms of interest especially if the hydrogen fluoride content in o~ i '
the propellant is reduced to a low level. ! :)

The testing with the fuels hydrazine and monomethylhydrazine
was cqually fruitful. Two systems were chosen which were capable of
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illustrating the prediction method in an elegant manner: (1) the 6A1-4Y
titanium in hydrazine propellant with chlorine impurity present, and (2)
the 304L CRES in hydrazine with carbon dioxide impurity present. It was
established that chlorine present as metal chloride in hydrazine produced
no deleterious interaction with the titanium and that hydrazine should

be compatible with 6A1-4V titanium for a period of time much longer

than the time of interest.

It was also found that corrosion of 304L CRES by hydrazine with
carbon dioxide added was best explained by a two part mechanism: (1) a
comparatively slow zero-order reaction during which time dissolution of
the protective metal oxide occurred followed by (2) a first-order reaction
with respect to the CO2 concentration. There may exist a difference in
reactivity of the hydrazine system depending on whether the 002 is present
as active hydrazinium carbazate or as inactive metallic carbazate.

It was concluded that the prediction method should prove to
be an extremely valuable and viable tool and that there are yet areas
needing further development.
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2.0 THE PREDICTION METHOD

The steps, techniques, procedures, decisions, and theory used
to arrive at recommendations for long-term service of certain materials
with propellants comprise a method which we choose to term a prediction
method. The basic concept is to generate short-term data using sensitive
measurement techniques and, using the method, make an accurate prediction
concerning the performance over the long term. Whereas some parts of the
method may be obvious or merely common sense, other parts embark into new
territory in so far as material propellant compatitility testing is con-
cerned. This prediction method attempts to draw together into a coordinated
plan the individual parts and procedures which may have been utilized in
the past along with modified techniques and/or new approaches to cracking
the puzzle of subtle interaction and long-term servicibility.

2.1 THE GENERAL FLOW CHART

Shown in Figure 2-1 is ar overall representation of the flov
path utilized in making a long-term prediction from short-term data.
This chart will be described in detail but note that the ultimate success
of the method relies on the ability to define the kinetic rate expression
that describes the interaction between propellant and material. Without
this expression, an exact prediction cannot be made. Bear in mind, however,
that the inability to develop such an expression may indicate such a low
level of interaction that satisfactory performance is assured. Also, it
may be possible to derive an expression for the maximum possible rate of
reaction from which an upper limit to the degree of interaction can be
estatlished.

The basic foundation of the method is the static immersion test
but this does not preclude the need for other forms of testing such as
dynamic and ignition tests. This prediction method shown in Figure 2-1
and associated sub-charts represents the best model now availatle. It is
intended that this be a viable method and as such now represents the
infant state of development.
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The method begins with a complete definition of the propulsion
system and the application for which it is being considered. This would
include description of such items as tanks, 1ines, valves, actuators,
propellant acquisition devices and transducers. The description would
include the alloy type, service life expected, operational pressure and
temperature, and environmental parameters such as zero gravity, radiation
sources, shock and vibration, thermal cycling, thermal shock and vacuum.

This sets the stage for the next step which is the preliminary
immersion (or exposure) test. In practice, this test may not be necessary
because of existing data for the system that would allow the subsequent
go/no-go decision to be made. However, it may be prudent to establish
shock sensitivity or other parameters indicative of gross incompatibility.

Once it is established that the propellant-material pair is
tacitly compatible, one can proceed to determining the degree of subtle
interaction as shown in the three legs below the go/no-go decision block.
These 1ogic paths describe the process used to establish the existence
of a pressure build-up due to propellant decomposition, a metal build-up
in the propellant due to reaction of propellant with the material, and
material surface degradation for the same reason. The paths will be
referred to as the pressure leg, the metal leg, and the surface leg,
respectively.

2.1.1 Determining the Rate of Pressure Build-up

Certain chemical propellants decompose to yield gaseous products
(viz. NoHy s MMH H202, BZHG) that, 1f allowed to build up, would cause
a dangerous situation and/or degrade propellant performance beyond accept-
atle 1imits. Propellant decomposition can be caused by metal surface
catalysis, elevated temperatures, propellant impurities, and combinations
of these. A knowledge of the rate of pressure build-up is a necessary
requirement when long term missions are being considered.

n
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The pressure leg in Figure 2-1 contains a step indicating

the determination of the pressure build-up rate. This step is detailed Y
further in Figure 2-2. A necessary part of the determination is the i
selection of the proper gas measurement technique. Depending on the ~~} f
type of gas expected, various measurement techniques are available. For ~.
‘ oxygen and hydrogen gases, very sensitive measurement techniques are avail- -~
- able, the Hersh Cell and the Palladium Foil Analyzer, respectively [1-1]. Tre ,,} -
situation for other common gases such as N2 and NH3 is not so good. L~
Conmon pressure measuring techniques such as the bourdon gage or strain 7
4 gage can be used; however, the sensitivity is not truly adequate to detect - <
' small gas evolution in short periods. Quite possibly mass spectral analy- ﬁ
:, sis of the gas products would yield values for trace amounts of these -
gases. The spoon gage shows promise of being a very sensitive tool for '\}

. monitoring pressure rise. This type of pressure gage, as developed by .
Maval Weapons Center, China Lake [2-1], employs a fine glass lever arm - -
which is attached to a mirror. The mirror is used to reflect a light )

} beam and, since the mirror movement responds to pressure change, the N

g y light beam is correspondingly moved by the pressure change. The lever )

‘g arm of the 1ight beam can produce a large mechanical advantage and thus

: ! show very small changes in pressure. It is thus similar in operation to )

] «l’ a sensitive mirror galvanometer. The spoon gage apparatus requires ’

;P. ; calibration before use and the inherent accuracy of the system depends \

] on the construction of the glass apparatus. It has the disadvantage that /
it is very delicate. ->

Once the type of measuring system has been chosen, the detailed -
immersion test can be planned as shown in Figure 2-2 and expanded in

Figure 2-3. The detailed immersion test is general and applies to metal
build-up and surface degradation as well. Discussion of this part of the
method is found in Section 2.2.
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The results of the immersion test will yield data concerning the
time dependence of gas generation and, presumably, the identity of the gas
products. The task then is to develop a rate law describing the reaction
that is consistent with the data. The details of establishing the kinetic
rate law are given in Section 2.3. If there is no pressure rise, this step
is omitted and attention is directed to the other legs.

2.1.2 Uetermining the Rate of Metal Build-up in the Propellant -

Interaction between 1iquid propellants and metal materials results
in certain concentrations of those metals appearing in the propellani.
This occurs to a greater or lesser extent depending upon the propellant type
and the material, but the fact that this does occur in every case makes it
important in monitoring the rate of interaction between propellant and
material. The extent of interacticn also becomes an important criterion in
the judgement of the serviceability of the pair for long-term use.

Since even propeliant - material pairs deemed compatible interact,
albeit subtly, to some extent, it should be possible to measure that degree
of interaction provided that a measuring technique sensitive enocugh is avail-
able. Armed with the degree of interaction for a given period of time, it
should also be possible to predict with accuracy the time when the interaction
will reach significant proportions.

With these thoughts in mind, we set forth to measure the rat> of 5
metal build-up in the liquid propellant with the most sensitive techniques
presently available. This procedure is outlined in Figure 2-4. L1

The type alloy under investigation largely determines the measure-
ment technique to be used. While the radioactive tracer technique is perhaps
the most powerful technique to use, not all alloys can be effectively studied
with this technique. In practice, the alloy should contain as one of the
major constituents, an element which can be readily activated and whose
radioisotope has a decay half-1ife no shorter than approximately the length
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of the proposed test duration. As a minimum, the radioisotope should have

a half-1ife no shorter than about twelve hours. This rules out elements such
as aluminum, titanium, vanadium, magnesium, and silicon. Excellent elements
which can be used as tracers include: {ron, chromium, zinc, zirconium,
cobalt, molybdenum, and many others.

As Figure 2-4 indicates, the radiotracer technique is chosen only
if a suitable isotope is available. If not, other methods can be used but
at the expense of system complexity and expe: imental difficulty. In
particular this means that, while the propellant - material pair can be
studied as a function of time with one *est setup and sample using the
radio-tracer technique, a test setup and sample for each time point in the
investigation must be used for other methods.

If the propellant is not cryogenic, atomic absorption spectroscopy
with a graphite furnace is the simple sensitive technique to use. If the -
propellant is cryogenic, the best procedure to use is the dry activation
analysis wherein the residue remaini.gy after propeilant evaporation is analyzed
by neutron activation analysis. This latter procedure could also utilize
atomic absorption spectroscopy but would invoive the additional step of
dissolving the residue in a suitable solvent. Where simplicity and freedom
from error are sought, additional steps such as these are to be avoided.
These techniques and others are discussed in detail in Section 3.0.

The particular measurement system chos... will in general determine
the type of apparatus to be used in the test program. Selection of materials
to be used in the program are also made at this time since they, too, have e
a bearing on the techniques used.

e e

Pt

R > otk

As in the pressure leg, the detailed immersion test (Figure 2-3)
follows chese decisions and selections.

The results of the detailed immersion test are used to develop a
kinetic rate law describing the rate of metai build-up in the propellant.
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2.1.3 Determination of the Rate of Surface Degradation

Coupled to the rate of metal build-up in the propellant is the
rate of surface degradation of the material. The occurrence of the one
usually indicates the presence of the other.

Surface degradation may occur as uriform etching of material,
as the development of pin holes or pits, or as the deterioration of a surface
film. What effect this surface degradation has on the propulsion system
perfurmance depends on the application of the material. For a propellant

tank, minute surface pitting would be inconsequential whereas for a transducer
with a 1-mil metal diaphragm, surface pitting or pin holes could be catastrophic.

Therefore, the rate at which surface degradations take place is an important
consideration in the choice of materials.

The procedure utilized for determining this rate is shown in Figure
2-5. Certainly this is not the only procedure that can be used to determine
surface degradation; it is a workable one. The procedure can be somewhat
complex, depending on the degree of interaction observed.

If there are gross changes observed as a result of the preliminary
exposure test, these can be studied by conventional methods and this .
would preclude any need for the sensitive techniques outlined here.

The absence of gross changes indicates the need to investigate
the system further and thus the detailed immersion test is initiated. The
study is divided into two parts depending on the formation, or no formation,
of a tenacious surface layer of reaction products.

The formation and growth of surface layers is 3 well investigated
subject and it is known that there are various mechanisms of growth that are
followed. Some of these mechanisms are: diffusion controlled (parabolic)
growth, linear film growth, and logarithmic film growth. Techniques used
to measure film thickness include weight gain, polarized 1ight reflection
(ellipsometry), and multiple-beam interferometry. Once the time dependence

18

ko

N e

L
o

- N
<r

£}
b

%

A &
S | S
A N

e bR o b s




gea

T

g

+

\
o

P
2 o
‘

Al

.

,

A=
-
-
'

o

NI B
AAmAAS S A -
et -~ Ry h . .

’

g TN
R

A Wt.

1

Optical Microscope
Photo Micrographs
Weight Change
Mechanical
Properties

=D

Parabolic
Fi1m Growth
Law

Time
Linear Film
Tine Growth Law
Logarithmic
Film Growth
Time Law

Detailed
Immersion
Test

Surface
Layer

No

Formed
?

Yes

termine
Anion
Penetration
By Surface
Etchin

Yy
Output

Perstration
VS Time

A

Measure Film
Thickness

Growth Rate Yes

is
A Local

1

Use Scanniag
Electron
Microscope

Linear
Film Growth

Attack And/Or

rface Laye
A]ter?d By

FIGURE 2-5: DETERMINATION OF THE RATE OF SURFACE DEGRADAT .w

19




-’\4"

~ ——

Y S WOy

¢ e e .. -

arren o
-

of the film thickness is established the mechanism of film growth can be
ascertained and a rate law describing that mechanism can be developed.

For cases wherein no surface layer is formed (or the layer is
soluble in the liquid propellant), a separate analysis path is shown.

Several possible reactions can occur between the propellant and the material

surface. The types of interaction shown in Figure 2-5 are not necessarily
meant to include ail possible types of interaction but represent typical
interaction that would be expected and the approach taken to quantify

them.

It is quite possible that, instead of forming a surface layer,
the propeliant penetrates into the surface in the form of the anion.
While this may not be measureable by conventional methods such as the
electron microprobe which detects elements only on the surface, it would
be possible to establish the amount and depth of penetration by selectively
etching the surface of the exposed material and analyzing the etchant
for the propellant anion. This technique, shown in Figure 2-6 would be
used to develop the penetration depth versus time of exposure to the
propellant. The penetration depth cculd then be correlated to material
integrity and strength.

If there is localized attack or pitting of the material surface,
the degree of attack can be determined with aid of the scanning electron
microscope (SEM). This attack ca~ be quantified as the number of pits per
squ.re centimeter and as the size and depth of the pits. This pitting can
also be related to the rate of metal build-up in the propellant. Whereas
pitting of the surface generally guarantees the presence of metals in the
propellant, the reverse is not necessarily true.

It may also be possible that the natural surface film on a

material (e.g., aluminum oxide) can be attacked by the propellant and
altered in such a way that deleterious effects on the base metal ensue.

Alteration of tre natural surface can be conveniently measured
using the surface impedance as shown in Figure 2-7. This technique and
its applications are discussed in detail in Section 5.0. The degree
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of impedance change versus time is related to alteration of the surface
layer and can be used to assess the compatibility of the material-propellant
pair.

2.1.4 Completion of the Method

Once the kinetic rate expressions for the interaction of the
propellant with the material are known, the expected mission conditions
such as temperature and pressure and the expected propellant impurities
can be input to the rate expressions. Since the rate >f interaction is
dependent on time, the selected time can be input and the predicted rate
is then defined. This completes the prediction method as shown in the
lower part of Figure 2-1.

2.2 DETAILED IMMERSION TEST

The detailed immersion testing procedure shown in Figure 2-3
contains the major 2lements required to obtain the maximum amount of in-
formation about the interaction of propellants and materials in the system
defined in Figure 2-1. The objective of the detailed immersion test is to
completely describe the various interactions between the 1iquid propellant
and the material in question. These data are used to establisk functional
relationships between variables, not just single point values.

The preparation and conduct of the detailed immersion test is
extremely important and must be carefully controlled and documented if
meaningful results are to be obtained. To insure that all possible inter-
actions, variables, and events are considered, a matrix check chart such as
the one shown in Figure 2-8 is helpful. These same cautions are outlined
rather well in the JAMNAF Liquid Propellant Test Methods - Test 726 (LPTM)
[2-2] reproduced in part in Appendix A. The terms used in this work are
compatible with those given in the JANNAF LPTM and, in general, the pro-
cedures used are also those recommended therein. The section in the LPTM
on Static Immersion, while as yet incomplete, was used as a model for this
work and the detailed immersion test here should be conducted in accordance
with those recommendations where applicable.
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f» 2.2.1 Selection of ihe Measurement Technique
4.
One of the first items that must be established is the measurement
j system to be used. This is necessary because of the impact that the measure-
ment technicue has upon the other facets of the test plan. For example,
i" the use of the radioactive tracer technique places definite constraints

) on the geometric configuration of the container for shielding reasons. It .
Ty, may also impose constraints upon the test duration and it definitely places ’
' { size or weight limitations on tiie specimen. Other measurement techniques
. would have their own sec of characteristic requirements.

The effect of posi-t st measurement + *~yes is somewhat less
altnrough they can .ot be ignored. The dry activation analysis technique,
4 ’ for example, places stringent constraints on the container material used.

' It must be free of elements being sought or other interferring elements.
) It must withstand relatively high temperatures during the activation

i~

process.

‘A »u\
7 "
*»
}

These constraints must not only be known before the remainder of
the test plan is developed but may also play an important part in the
selection of the measurement technique.

2.2.2 Material Specimens

dodrul, 25
e
f H I

A complete description of the material specimens will include:

Material constituents

Condition, i.e., hardness, surface condition, heat treat
Geometry, 1i.e., thickness, length, width, weight
Processing, i.e., fabrication, cleaning, passivation
Requirea number
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Analysis
In short, the complete description includes any and all information avail-
able about the waterial and its history.
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2.2.3 Test Fluid

Py

The description of the test fluid would include:

Grade or MIL Standard
Source and lot number
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Analysis .
assay J
| impurities .
] additives y
contaminants
2.2.4 Specimen - Fluid - Container Configuration “) ‘L
{é Considerations for Test Geome' iy are: -
' Ratio of specimen surface area to fluid liquid volume \:) -
Ratio of specimen surface area to fluid gas volume e
Spacing between specimens and between specimen and container ‘)

? Electrical resistance paths ’ <
s The surface area to volume ratios may be chosen to equal those in a specific ’ )
" application or may be increased to enhance the measurement of a reaction -

‘ é rate. Minimum spacing between specimens is required to insure that there . )

! will be no interaction between different types of materials. For the case -
in which the effect of the material on the propellant is sought, there can ) >
be only one material per container. Where there is a possibility of the ;
container material interacting with the specimen, a minimum spacing is )
required also and certainly no low electrical resistance paths should exist )

between any specimen or specimen-wall.

2.2.5 Storage Container Design

The design of the test storage container must be considered
very carefully in light of all interacting aspects such as test measurement
method, type of fluid, test environment, etc.. In some cases the container
is constructed of the material being studied. The configuratior 1d size
of the container is relatively unimportant but must be fully defined.
Other container items which m'st be described are the closure, tubing
connections, seal-offs, and any flexures.

2.2.6 Instrumentation

Internal Pressure - There are essentially three types of pressure
measuring devices in use: external strain gauges, Staco cells, and all
metal Bourdon gauges. The type of measuring system chosen wiil depend on
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i numerous factors such as cost, fluid type, additives if any, and degree
k)
o of sensitivity required.
{) Internal Temperature - Monitoring of internal temperature,
if required, can be accomplished by means of thermocouple or thermistor
i wells. Containers stored in temperature controlied ovens or in liquid
baths do not require internal temperature monitoring.
T | External Pressure, Temperature and Humidity - In cases where
° X
these environmental conditions pl2y a role, it is recommended that the ,
( procedures outlined in the JANNAF handbook be followed. ‘
2.2.7 Test Conditions
4
: : ( A complete definition of test conditions will include the
! temperatures, pressures, concentrations of impurities, duration, and
(' ) number data points.
; - 2.2.8 Fabrication and Installation of Test System
# : . . s - -
i : (~\ Once the test plan is described, fabrication of the apparatus,
A 4 =

container, and specimens may be accomplished.

-
~
L

2.2.9 Conducting the Test

~ The conduct of the test program should follow established test
‘i;} procedures and safe operating practices. Items that are included in the
testing procedure are:
Specimen mounting
Installatinn of the mounted array ’
Inspection i
Container sealing
Leak checking
Calibration
Fluid fill
Storage monitoring
In-situ measurements
Test Termination
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2.2.10 Post-Test Measurements

There will be a wide variety of post-test measurements which
depend opon the type of test conducted and the particular material-propeliant
pair tested. Some of these measurements have been discussed previously in
Section 2.1 and are discussed fully in Reference 2-2. Upon completion
of the post-test procedures and analyses, the test conditions are changed
as required and the testing is continued.

2.3 ESTABLISHING THE KINETIC RATE EXPRESSION

Figure 2-9 shows pictorially the method used to develop the
kinetic rate expression from the data generated during the detailed
immersion tests. First, all data must be collected and displayed so that
trends and dependence on the test variables can be clearly visualized.

The problem then becomes one of determining the order of the reaction with
respect to all the participants. In the general reaction with stoichiometric
equation

aA + bB = g6 + hH
the rate may be expressed by

-d[A]/dt, -d[B]/dt, d[G]/dt, or d[H]/dt
where t is time and brackets mean concentration, The reaction rate at a
given temperature is a function of the concentrations of some or all of
the various components of the system, but usually only the reactants.
The functional relation between rate of reaction and the concentrations
is called a rate expression. In general it is not possible to pred.ct
the rate expression for a given reaction by just knowing the stoichiometric
equation. An example of a rate expression is:

For H2 + I2 = 2HI,

d{HI] _
t =k [Hz][lz]
where k is the reaction rate constant. Very few rate expressions are this

simple. Some reactions can be represented with a rate expression of the
form:

n n n
= 1.7°2 73
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FIGURE 2-9: ESTABLISHING THE KINETIC RATE EXPRESSION
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For this restricted type of rate expression there is defined the cuncept -)
of "order of reaction, n," where n - ™ + n, *n. + ..., the sum of all

3
the exponents of the concentrations. Each iadividual exponent is called i
;

“the order with respect to that ccrmponent.' For example in the reaction

above for hydrogen icdide, the reaction is second-order, tut the order ") ‘p
with respect to each reactant separately is one. OCccasionally the expo - - 4
:J nents may be fractional or even nenative, depéndino on the complexity of the -
reaction. It should be emphasized that these expressions are empirical :} -
in nature. ) P'"
The rate of reaction is not usually obtained directly from .)
1 experimertal data, but instead a concentration v some other variable is . - .
) measured as a function of time. In a plot of concentration versus time, )
i the rate at any time is equal to the slope of the curve. Since the con-
, centrations are usually observed, the integrated form of the rate expression }
‘ is more convenient to work with. The first-order reaction represented
by the rate expression ) > -
- %%— =kc
; can be readily integrated to yieid )
In (c/c0)= kt
or Inc=1n ¢ ¥ kt )
To test experimental data for a first-order reaction, the 1n ¢ or 10910 ¢ . .;,
is plotted versus time and should be linear with a slope of k or k/2.303,
respectively. See Figure 2-10(a). ?‘j>
For a second-order reaction, g::) ;
i
£ o=k ! & 5
the integration yields {::> %A
L. 1oy ¥
<y ¢ , 1
Again, according to this expression, a nplot of 1/c versus time should be ‘::) o
Tinear, and with a slope equal to k. See Fiqure 2-10(t). Other raie .
expressions can be similarly integrated. The second-order reaction whese (i:) ,i‘
B
) ?;%




(a)  FIRST-ORDER REACTION

4 ‘ /
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Lo ( TIME

A"A

(b) SECOND-ORDER REACTION
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»
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(\) TIME

.\‘} FIGURE 2-10: LINEAR PLOTS FOR FIRST AND SECOND-ORDER REACTIONS
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stoichiometry is 3
A+B=... ’
and whose rate expression is -
-dA _ e
=t k AB .
can be integrated to give \5
AB '
"__l-K_ In -—EHV— = kt -

A Bo = o B :}
where Ao and B0 are initial concentrations of A and B. It is evident that ‘ *
data may be tested by plotting log (B/A) versus time yielding a linear plot ‘)

4 if the expression is valid. o
t‘ Although kinetic rate expressions are usually written in terms ’-3

of the rate of decrease of one of the reactan.s, they sometimes are more
conveniently written in terms of the rate of buildup of one of the products.
Consider the reaction A+ B =Y + Z and rate expressions that are zero,
first, second, and third order with respect to A. The various equivalent
expressions are shown as follows, where A0 is the initial concentration

of the reactant A. Note that the decrease in concentration of the reactant

—— - — = -

— —————
Tk T | -

Order of
p Reaction
«! ¥ With Rate Expressions in Terms Rate Expressions in Terms
’ Respect of the Decrease in Concen- of the Increase in Concen-
' to A tration of Reactant A tration of Product Y
zero J4A dy .
at "o at " "o
first - Bk A ek A - Y]
second - %% =k, a2 g%-= ky [Ao - Y]2
third SR kg A N=ky [a, - V3
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A is exactly equal to the increase in concentration of the product Y. Also,
note that in the early stages of the reaction when Y is much smaller than

. Ays the value of dY/dt for the first, second, and third-order re.ctions will
{ in effect equil a constant. These reaction rates in thei: initial stages
are therefore termed pseudo-zero-order,

Figure 2-11 shows typical shapes of curves for various types of
. reactions. Curve (a), the autocalalytic reaction, was drawn under the
E ( assumption that one of the oroducts of the hypothetical reaction acts as ! -
a catalyst to increase the rate of reaction. As more product is formed o
{ with time, the reaction rate continues to increase.

¢ It is evident that the development of the rate expression is a -~ .
{ trial-and-error process; however, information about the mechanism of the
reaction can be a great aid in this development. Conversely, knowledue of
. ( the rate expression can shed much 1ight on the mechanism of the reaction.
A complete treatment of this subject is beyond the scope of this work and
(ﬁ : the reader is referred to any appropriate .reference on chemical kinetics - -
- for additional infcrmation.

i ‘ G Kinetic rate expressions are not limited to description by con-
centrations of reactants. In general, procedures for determining kinetics
v may be divided into twc rategor'es, chemical and physical. Chemical analy-
o sis implies a direct determination cf the concentration of one or more of
T, the reactants or products. Physical methods of analysis are also utilized
and have the advantage of being much more convenient than chemical methods.
A physi.al method is one which measures some physical property of the re- :
action mixture, which changes as the reaction proceeds. Common physical {
methods are pressure measurement, volume change, colorimetry, spectrophoto-
metry, conductivity, and mass spectrometry. Theoretically, any property
which changes with time could be used to follow the course of a reaction,
it 1s only necessary that the change be correlatible to the reaction process.

o s N s b
-

It is well established that most chemical reaciions are not con-
stant, but rather are -~ function of the temperature. The dependence of the '
reaction rate constant, k, upon the temperature can be established through ;l
experiments at temperatures varied within reasonahle 1imits. Various '

Tc »



Curve Shapes Showing Decrease of Reactant as a Fué&ion of Time

(a) Autocatalytic

-

Lheactant

!

Time

(c) First Order

Reactant

+

Time

(b) Zero Order

Reactant

Time

(c) Second Order

Reactant

-

Time

Curve Shapes Showing Increase of Prodyct as a Function of Time

(a) Autocatalytic

Product

N

Time

(c) First Order

Product

.

Time

(b) Zero Order

Product

Time

(d) Second Order

Product

<

Time

FIGURE 2-11: CURVE SHAPES FOR VARIOUS REACTION RATES
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types of temperature dependence are observed experimentally but the tyne
shown in Figure 2-12 is the most common, and above a certain temperature
the rate increase tends to level off. This may be called the Arrhenius
temperature dependence. It is usually found that a plot of loa k versus
1/T is nearly linear, with a negative slope. This is irn concert with the
Arrhenius equation
-Ea/RT
k = Ze

where Ea is called the Arrhenius activation energy and it is assumed Ea is
constant with respect to temperature.

Rate

/

Temperature
FIGURE 2-12: OCEPENDENCE OF REACTION RATE ON TEMPERATURE
2.4 USING THE PREDICTION METHOD

The use of the prediction method may te broken into two categories:
(1) use with well-defined systems and (2) use with other systems. A weil-

defined system can be described as one in which all of the scientifically
interesting facts concerning the syster: are known. That is, the mechanism
of the reaction is known, the kinetic rate expression is known, and the

temperature dependence of the reaction rate constant is known. Other systems

can be described as ones in which one or more of the above items are not
known.
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2.4.1 The Well-Defined System

The use of the prediction method for a material-propellant system
which has been well-defined can proceed in a straightforward manner. The
concentrations of known participants in the kinetic rate expression(s) can
be established through analysis of the propellant. The temperature antici-
pated during service can be determined through engineering studies. These
facts allow the direct calculation of the degree of interaction between
propellant arnd material during service.

2.4.2 Other Systems

The fact that certain elements of the description of the propel-
lant-material system are not defined does not necessarily mean that a pre-
diction cannot be made. It may mean, however, that limitations or qualifi-
cations must be placed - the prediction.

Let us consider some situations in which a prediction can be made.
Assume that the preliminary exposure test indicates that the system is
satisfactory for further study. Furthermore, let us assume that the detailed
immersion test has indicated no pressure buildup, no metal buildup and no
surface degradation. Quite obviously, with this lack of information it is
not possible to develop a kinetic rate expression defining the interaction
between propellant and material. Nevertheless, we can make a prediction.
Our prediction 1s, within the limitations of the detection sensitivity of
the methods used, that there will be no deleterious interaction between
the propellant and matertal for an unlimited time.

Now, let us consider a system in which the detailed immersion test
indicates metal buildup at relatively high concentrations of propellant
impurity but no metal buildup at low concentrations of impurity. Assume
also, that the metal buildup 1s of such a low value that the measurements
are at or near the 1imit of detection of the technique used, thereby causing
sufficient scatter in the data to ~ender it impossible to determine a
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kinetic rate expression. In this situation, a prediction can be made by
utilizing those data points that correspond to the highest rate of reaction
and calculating a maximum, or upper limit, to the corrosion rate. Thus,

the "worst possible case" is used to generate a kinetics expression. This
assumed rate expression is then applied to the propellant-component system
under investigation. If the extent of corrosion for the desired time period
js found to be below the previously established acceptable limits, then the
system is deemed compatible.
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{ 3.0 DESCRIPTION OF ADVANCED TECHNIQUES
{ Part of the basic foundation of the prediction method is an array

of sensitive measurement techniques which can be applied to ana2lysis of a
given material-propellant combination for a short test period and which can
produce reliable data on the interaction rates. A number of applicable tech-
‘ niques have been discussed previously [1-1]. It is the intent of this section
to discuss those techniques which were used in the laboratory verification of
the prediction method. ¢

3.1 NEUTRON ACTIVATIUN ANALYSIS
3.1.1 Theory

Stable isotopes, when irradiated by neutrons, can undergo a nuclear
transformation to produce a radioactive nuclide. Qualitative and quantitative
conclusions can be made of the elemental composition and amount of the original
sample before irradiation by characterizing the emanations of the radionuclide
with radiation detection equipment. This is the basic principle of activation
analysis.

While stable isotopes can undergo a variety of nuclear transformations,
the reaction most widely used in activation analysis is the neutron-gamma (n, y )
reaction. Exqmples of such rqu}ions are shown in Eq.3.1 and 3.2
3A]sa+ onx > 13A1su vy (3'])

29Cu + on > 29Cu + v (3.2)

1

The (n, Y) reaction is primarily a thermal-neutron reaction which
can be produced by a variety of neutron sources. The nuclear reactor also AR

possesses fast neutrons which can produce neutron-proton (n,p) reactions and t
neutron-alpha particle (n,® ) reactions. In a (n,p) reaction, the nucleus P
releases a proton and the atomic number is reduced by 1 forming a different i
element. 5 . cu '
+ - +
zeFe o stn P (3.3) T

In the (n, a) reaction, an o particle is emitted and the atomic number is
reduced by 2 as

Sh 1 51
Fe + n =+ Cr +a (3.4)

26 0 2h
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The induced radicactivity in irradiated samples decreases ex-

ponentially with time and varies with each individual isotope. The length ) }
of time required for this activity to decrease by one half is referred to
as the half-life (T%). This radioactive decay can be expressed by the ‘E
' equation -
Ay = Ao exp (-0.693 t/T%) (3.5) N g
where Ao = initial radioactivity 4
At = radioactivity remaining after time t '3 i
T% = the half-l1ife of the radioisotope A
P
It is the decay of tne radicactivity and its associated emanations .']
: that are used in neutron activation analysis. The decay is usually accompanied ) .
‘ by emission of subatomic particles and/or electromagnetic radiation. The "} -
. emission that is of interest in this work is the photon emission (y ). =7
4 ! A convenient method for graphically illustrating the modes of decay ')
' of a radioisotope is the decay scheme. Two examples are shown below )
- -
co’’ (5.25y) )
0.01% 99+% ‘}
6 B” 0.312Mev
1.478 Mev iv ) :
y 1.17Mev -
0 51 Cu 'f (12.8h) ** 17 1.33Me bR
Electron 43% 39%
Capture(EC/ EC B~ 0.57Mev
m"h.unev g’ 1 In'

0.656Mev

The induced activity, Ap, in the radioisotope is a function of
several variables incliuding the flux of neutrons impinging on the target
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nucleus, the target's cross-section for activation by the neutron, and the
product half-l1ife. Expressed mathematically the induced radioactivity after
irradiation for time t is

A, =¢of LA 1-e~ %) (3.6)
where ¢ = neutron flux,
o = target isotope neutron cross-section,
f = fractional abundance of target isotope
N, = total number of atoms,
x =In 2 /T4

The exponential decay factor in the expression in Eq.3.6 corrects for decay
of induced activity during the activation process.

3.1.2 Practical Considerations

In the analysis of a complex sample, the emanations resulting from
the activation are separated according to energy and are counted for a pre-
determined length of time. This allows both the identity and the amount of
product to be established. Appropriate standards are used to correct for
variations in geometry and counting efficiency.

The electronic computer is olaying an increasingly important role
in analysis by neutron activation. The computer is used to sort and store
data as it is counted by a gamma spectrometer and a computer is used to re-
duce and evaluate the data for the researcher. See Figure 3-1.

3.1.3 Equipment

Aside from the comparatively vast amount of equipment used to pro-
duce the radioactive isotopes, there is a certain amount of equipment that
is needed by the analyst to use the neutron activation technique.

The characteristic emanations from the radioisotopes are generally
detected by scintillation devices or semiconductor devices depending on the
requirements of the analyst. At this time, the crystal detectors used in
scintillation devices have the advantage of low cost and higher efficiency,
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whereas the semiconductor devices have the advantage of much higher resolution.

Once the electromaynetic radiations have been detected by one of
the above devices, the energy level is established by a multichannel analyzer
and the number of "counts" received is stored by energy level in a computer
memory. As these counts are received they are continuously added in the
memory unit until the specified count time is completed. The total numkter
of counts versus energy level are tnen cu*nut via magnetic tape or hard copy.
Most analyzers also provide a visual display of the gamma spectrum on an .
oscilloscope.

The gamma spectrum or the total number of counts in a given energy
range is then used to quantify the total mass of the product radioisotope.
This can be done by hand calculations but many analysts now utilize the
electronic computer to perform this arduous task.

3.1.4 Experimental Procedures of the Dry Activation Analysis Technique @ -

The experimental procedures of the dry activation analysis tech-
nique mentioned in Section 2.1.2 and shown in Figure 2-4 differ only slightly
from the standard recommended procedures for static immersion testing. The
overall procedure is outlined in Figure 3-2. Items that are peculiar to
this technique are the choice of the container material, the activation of
the propellant residue and associated gamma counting.

The choice of the container has significant importance because of
the desirability to activate the residue in the original container. This :
reduces the possibility of errors arising from the transfer of residue to
another container for the purposes of neutron activation. The container

material chosen must not nave elements in its makeup which when activated i
will produce radiations which will interfere with tie residue analysic. 1

3.1.5 Detection Sensitijvity Limit

The sensitivity of the method is governed by a number of variakles.
Some of these are associated with laboratory equipment, others are associated
with the physical nature of the elements studied.
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i, The amount of element of interest can be quantified according to
o Eq. 3.7
4
L mass = AAVi' Mo (3.7)
where A.W. = the atomic weight of the element
No = number of atoms of atomic weight A.M.
. AV = Avogadro's number
j. This is related to the mass of the element in the residue by p
P mass =AM

’ -—N—,— (3.8) ;
AV (ﬂ_) ;
No
where N' is the number of radioactive atoms measured and N'/Ng is ratio of
radioactive atoms to total atoms. The quantity N’ is given by

R
N
X+ {detector efficiency) (number ofY'sper disintegration)

v eih

-
s ey

s

N' =

‘q (l-\ (.4-\ — — —
. X

oo o

—— - =

where Ry is the net count rate.

The quantity N’ in the ratio N'/Ny is also given by the initial induced radio-
activity, Eq. 3.6, and also

o™

A, = dN/dt = AN’ " (3.10)

-
-‘}“4

Rearranging the equation and substituting Eq.3.6 we get

,  bof N, j]-e'xtl_ e
- ) (3.11)

and the ratio N'/No becomes -

PR, A(I-e"‘t) (3.12)

N

P TPy IS, TIRETTS I S g v

TS 000000

f‘v

X

o 1
Substituting Eq. 3.9 and 3.12 intoEq.3.8 we get l
AMW. RN

mass = ¥ ,
- Aty detector y, Y 'S
AV ¢of (1-e )(egficien.)( dTsiot.] N

Thus it become: apparent that to detect the minimum amount of mass one
requires the minimum meaningful count rate, tihe maximum neutron flux,
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the longest practical activation time, and the maximum possible detector
efficiency. There are certain quantities that of course can not be changed
for a given element but do limit the sensitivity: the neutron cross-section,
the fractional abundance and number of gammas or other particles per dis-
integration,

UsingEq.3.13, a sample calculation for titanium is made. Assume

the following information:
R

N = 100 counts per minute

6 =7.1x 107 neutrons/cm?/sec
¢ =0.,14 x 1524 cmé

f = .053

X = 0.693/5.80 minutes

t = 6.0 minutes

detector efficiency = .05
number of gammas per disintegration = 1.0

The minimum detectable mass then becomes

(47.90) (100/60)

mass =
(.602 X 10723)(7.1 x 10'3) (.14 X 1072%)(.053}(1-e~"-693)(5.8)/6.0y ( 45

=1.03x 1078 grams

This calculation assumes a pure titanium sample and does not consider
the interference of other elements possibly present.
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I: 3.2 RADIOACTIVE TRACER TECHNIQUE
3.2.1 Theory

pie o

The theoretical aspects of the radioactive tracer technique are
essentially the same as those of the neutron activation analysis technique.
The differences between the two techniques are basically found in the
practical aspects of applying the radiotracer technique.

,,‘&.‘

3.2.2 Practical Considerations
{ The radiotracer technique ideally uses one or only a few radio-
: isotopes for an application since this simplifies the bookkeeping and inter-
I _ ( pretation of results. The material of interest is placed in the nuclear ‘
f to : reactor, or other suitable neutron source, for a specified length of time

and tken the sample is removed and placed in contact with the liquid propellant
for predetermined lengths of time.

With the radioactive sample removed from the propellart, the radio- > -
activity transfered to the propellant is determined with a radiation detector.
The quantity of radioactivity is correlated to the metals transfered from the
sa~ple to the propellant.

3.2.3 Equipment

The equipment required for the gamma counting can be somewhat less
complex than that required for the reutron activation analysis. While desir-
able, a complete gamma spectrum of the radioactivity in the propellant is not
necessary since the energy of the radioisotope is established. The detector/
counting setup may consist simply of a radiation detector, an energy discrim-
inator (analyzer), a scaler capable of counting pulses output from the analyzer,
and an electronic timer capable of stopping the cuunting at accurately deter-
mined intervals.

I ac

3.2.4 Experimental Procedure

The details of the experimental procedure for the radiocactive tracer
technique are outlined in Figure 3-3. The unique aspects of this technique
1ie in the choosing of the proper radioisotope to monitor during the course
of the investigation, the activation of the sample and its associated calcu-
lations, and the counting of the transfered radiocactivity in the propellant during

test.

oy

i v N s
I A= NGRS
RA a
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RADIOACTIVE TRACER TECHNIQUE
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FIGURE 3-3: RADIOACTIVE TRACER EXPERIMENTAL PROCEDURE
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The choice of the element that is to be used as the tracer depends
mainly or the half-life of the radicisotope. The half-life nust be suf-
ficiently long so that the length of the experiment is not severely
penalized ty the effects of radiocactive decay (which translates into a loss
in sensitivity) nor must the half-life be so lcra that the sensitivity i
of the method is penalized by exortitantly long activaticn times required '
to reach acceptable activity levels. More details concerning the sensitivity
of the method are giver in Section 3.2.5. This narrows the choice ¢f elements
to those with radioisotopes with half-lives of the order of the 10-15 hcurs
up to, say, one year.

The establishment of the proper amount of neutron activation cf
the trecer is also of some importance for this often governs the financial
aspects of the method. As shown in Eq. 3.6, the induced activity is
pronorticnal, among other things, to time in the reactor, and time in the
reactor is proportional to the cost. The activity is also proportional tc
the neutron flux in the reactor (or other source), the cross-section of the
nucleus, the number of target atoms (this is a function of the concentration
~f the element in the material of interest and the relative atundance of
the isotope in auestion), and the half-life of the radioisotope produced.
A11 other aspects being equal there is often a tracde-off between reactor
flux and cost, vith higher flux reactors giving more neutrons per dollar.
Siace the induced activity ultimately determines the sensitivity of the
measurement, the time of activation is defined.

3.2.5 Detection Sensitivity Limit

The calculation of minimur detectable mass is identical with
that discussed in Section 3.1.5. For the radioactive tracer technique, the
minimum detectable mass begins to increase the minute the tracer leaves the
reactor. As a function of time, the mass given by Eq. 3.13 increases by the

i
1,‘
§
|

factor eXt where t is the time since the cessation of the activaticn
rrocess. This means that where A is comparable to t that the detection
sensitivity changes rapidly during the course of the experiment. Therefcre,
Tong-Tived radioisotopes are desirable fur tracer work.
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An example calculation for an isotope of interest (copper - 64)
shows the following detection limit (using Eq. 3.13) for an activation
time of 2 hours:

(63.54) (120/60)

mass in. = %
(.602 x 10 )(7.1 x 10'3)(4.5 x 16724 (.691)(1 - e ~-1074)(.05)(.19)

_ 105.9 3" .823 x 10'g grams copper

.01286 x 10

Thus, immediately after irradiation, assuming a net count rate
of 109 cpm, the detection limit is .8 nanograms. The detection limit at
any time t after irradiation is

.0537 t

mass .. = 823 e nanngrams.

n

Note that the minimum deteciable mass doubles every half-life
or, in the case of copper, every 12.9 hours.
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3.3 ATOMIC ABSORPTION SPECTROSCOPY WITH GRAPHITE TUBE FURNACE SAMPLER

3.3.1 Tiieory

The basic principles underlying atomic absorption spectroscopy
(AAS) have been known to scientists for over one hundred fifty years, but
their application chemical analysis has been developed only within the
last two decades [3-1]. The techniques and instrumentation which have
evolved are particularly suited to the quantitative determination of the
elemental compositions of a wide variety of sample types. One of the more
important applications of the method has beer in the quantification of
trace metals contained in industrial products and wastes.

AAS is based on the principle that atoms can be excited to
higher energy states by the absorption of electromagnetic energy (usually
ultraviolet or visible light). The energy bands .n which each element
absorbs are very narrow and are specific for that element. Treatment of
the theoretical asnects oi this subject is beyond the scope of this report;
the reader is referred to the classical work of Herzberg [3-2] for further
information.

3.3.2 Practical Considerations [3-3, 3-41

In order to accomplish analysis by atomic absorption, the element
sought must first be reduced to the elemental state i.e., freed from all
chemical bonds to other elements, vaporized and interposed in a radiation
beam from the exitation source. In most instances, this is accomplished
by drawing a solution of the sample, as a fine mist ("nebulized"), into a
suitable flame. Recently, however, a technique has been introduced which

accomplished specimen atomization within a heated graphite tube [3-5, 4-18].
This has removed a number of the problems which are related to the stability

of "atomization" process (see e.g., the basic paper of Kahn [3-6]); in
addition, due to its ability to produce somewhat higher temperatures which
are uniform over a greater optical path length, the "furnace" method (used
in this work) offers greater sensitivity. This is especially important

in the determiniution of the more refractory elements, such as aluminum and
titanium,

The electromagnetic radiation is generally produced by a holiow-
cathode lamp. The cathode of this device contains the element of interest
and thus emits a line spectrum which corresponds specifically to that
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element. The saiple absorbs electromagretic energy at the resonance lines
as it is excited to a higher energy state. The amount of enerqy absorbed
is proportional to the concentration of the element in the sample and ic
quantitatively measured by comparison of the energy density of the chosen
resonance line before and after absorption by the sample.

3.3.3 Equipnent

The necessary equipment to perform atomic absorption analysis
is generally contained in one instrument (such as the Perkin-Elmer Model
303 used in this work, Figure 3-4) which has the following major components:

(1) 1ight source, generally a hollow cathode lamp
(2) chopper

(3) monochromator

(4) photodetector

(5) sample atomizer

The sample atomizer can be either the common flame nebulizer
using premixed gases or the more recently developed graphite tube furnace
attachment [4-18] employed in the current studies. In addition to the
higher absolute analytical sensitivity of the AAS method when the latter
introduction system is used, the graphite tube sampler has the advantages
of minimal sample requirenent (with sample sizes typically in the range from
5 to 50 ul) as well as the capability to concentrate the sample prior to
the vaporization step.

The graphite tube is heated by passing approximately 400 amperes
at 10 volts through its 2" length, yielding a fairly uniform temperature
of about 2800 to 2900°K within the tube, effectively vaporizing the sample.

3.3.4 Experimental Procedure

The use of the atomic absorption spectrometer with a graphite tube
sampler is relatively simple. An analysis consists of the injection of the
sample or standard into the graphite tube with a microsyringe, vaporizing it,
passing it through a monochromatic 1ight beam and recording the measured
absorption of the chosen radiation line on a strip chart recorder. Cal-
culation of the quantity of element can be made by reference to a standard
calibration curve or by the method of additions.
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3.3.5 Sensitivity and Detection Limits

As pointed out by Kohn [3-6], a distinction should be made between
sensitivity and detection limits. The former is defined as the concentration
of an element in water solution which will produce an absorption of 1%

(.0n44 absorbance units). Sensitivities for the elements of interest in

the current work are presented in Table 3-1. Detection limits are a function
of both sensitivity and instrumentation characteristics such as stability

and signal-to-noise ratio. A cenerally accepted definition for Lhe detecticn
1init is the concentration in water solution which gives a2 signal twice tha
size of the variability of the backeround. Since this is a function of the
peculiarities of each instrument, etc., no meaninaful generalization can be
made other than that the detection 1imit in a well cdesianed system can be
considerably lower than the reportecd sensitivities.

TABLE 3-1
SENSITIVITIES IN THE GRAPHITE TUBE FUNACE AAS [3-7]

SENSITIVITY
ELEMENT Picograms/1% Absorption
aluminum 120
chromium 2%
copper 50
iron 30
manganese 8
nickel 140
titanium 2,000
vanadium 350
3.3.6 Discussion of Errors

A variety of sources of error exists in AAS, many of which are
related to sample introduction and the "atomization" process which precedes
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- the absorption. These include analytical interferences, the atomization
i vaporization and dispersion processes, instrumentation (both optics and

electronics) and procedural. FEach will be discussed briefly, in turn.

Analytical "interferences" generally fall into three categories:
(1) chemical (usually incomplete dissociation of compounds analyzed; (2)
( ionization (shifting the absorption wavelength), and (3) matrix (desensitiza-
) i tion or enhancement due to the nature of the sample solution). Use of
the graphite furnace usually removes the "chemical" interferences, but

‘ { may aggravate that due to ionization. For the systems studied, only
. \ aluminum has an ionization potential low enough (5.96 ev) to be of any
i‘* { concern. This was obviated by serendipity; in those samples where
1 ‘ ) corrosion of the 6A1-4V titanium was most favored (the chloride-doped)
\ {’ j the more readily ionized sodium (5.12 ev) was presented to "shield" the
, N- aluminum. Matrix effects were sought, but not detected in this set of
. (\ experiments, >~
s The difficulty in obtaining reproducibility in the atomization,

vaporization and dispersion processes are considered to be responsible for

o N
-~

v T,

| 3

the largest analytical uncertainties [3-4]. Contributing to this are such

‘ i -~ things as fluctuation of the furnace temperature, absorption of the solvent ; :
} j (;f (hydrazine) on the wall of the furnace, variations in the flow of inert gas L .
}‘4 é - through the furnace and sample condensation ("fuming") at the tube openings. )
- ; {;? At the 30-50% absorption level, it is stated that coefficient of variation of
' % precision is of the order of 5% for aqueous solvents and 15% for organic i
iA ‘:} solvents [4-18]. Just where hydrazine would fall on this scale is not known. ;
‘é‘ Instrumentation errors arise from such things as: dispersion and y
? (:T@ scattering in the optics, yielding "fuzzy" lines and losses in intensity; }”
7 instabilities in the hollow cathode tube, resulting in fluctuations in H
v (\) the intensity of the excitation source; photomultiplier stability; and §,

electronic "noise". The latter determines the detection limit of the

R A I

-~ g 8
Fan)
—

(;f\ apparatus, since this factor is typically defined as the concentratior ¥

(in water solution) which gives a signal twice the size of the variability
of the background [3-6]. Thus at the detection 1imit the element can be
determined with a coefficient of variation of 50%.
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Procedura! errors can arise from such things as rate of sample
introduction; poor selections of, or variations in, the solvent evaporation
/char/ elemental vaporization sequences; and improper selection of sample
size (optimum size yields an absorption 10 to 100 times the sensitivity
value, i.e., ppm per 1% absorption. This optimum is often not achieved
when concentrations are in the parts per billion range.

It has been stated [3-4] that "under usual conditions the relative
error (accuracy) associated with AAS ic of the order of 1 to 2 percent".
This undoubtedly assumes replicatc sampling of well-behaved aqueous
solutions of the element sought, with Tittle or no interference and a stable
instrument. As indicated earlier, however, precision is of the order of
+15% for non-aqueous solvents, and can vary by as much as 50% at the detection
limit, for any given element. The samples analyzed by AAS in the course
of this program were typically one of a kind, i.e., there were few replicated
conditions, and little or no opportunity to reduce scatter by means of
statistical manipulation. Consideration of these facts, together with the
variety of ways in which error may be introduced led to the conclusion that
any AAS value prcduced in this program should probably be enclosed in an
error band of %25%. This estimate received some validation in studies of
the 304L CRES/hydrazine system, where the average scatter about the mean
values of metals found in the blanks was % 23%.
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4.0 EXPERIMENTAL VERIFICATION OF THE PREDICTION METHOD

presq
N

Essential to the development of a viable method for predicting

. o
D .

long-term compatibility between propellants and materials is the orderly
laboratory verification of that method. As laboratory tests are completed,

{ the prediction method can be modified or added to as required to produce t
. the best possible tool. An integral part of the prediction method is the
'.0. 1 characterization of the interactions that take place between the propellant )
) and material. For the most part, it is only through laboratory testing -
{ that these interactions can be identified and quantified.
.F The experimental work was accomplished by the investigation of N
\ j’ { the following four significant systems:
) ’ { (1) 6A1-4v titanium with liquid fluorine (LF2)
. (2)  2219-T87 aluminum with LF,
( (3)  304L CRES with hydrazine >-
(4) 6A1-4V titanium with hytazine
¥
C’ In addition to the above systems, the following systems were
{:} investigated but at a lower lavel of effort:
(5) 6A1-4V titanium with FLOX (88:12)
(_;} (6)  304L CRES with monomethylhydrazine (MMH) 3
(7)  6A1-4V titanium with MMH !
3
4.1 THE 6A1-4V TITANIUM / LIQUID FLUORINE SYSTEM s '1 )
4.1.1 System Definition and Application ;_ %

The 6A1-4V titanium alloy is a widely used aerospace material
possessing excellent physical and chemical properties. The alloy is nominally g

g
G 90% titanium with 6% aluminum and 4% vanadiun. Typical alloys also contain

approximately 0.1% iron. The 6A1-4V Ti ELI (extra low interstitial grade) is
characterized by its excellent properties at low temperatures.

57




\
A

Fluorine is one of the most powerful oxidizing chemicals known, 'j
reacting with practically all organic and inorganic substances. Its energy ’
as a rocket oxidizer is unsurpassed by any known oxidizer. Under static
conditions, fluorine reacts slowly with many metals at room temperature
and often forms a metal fluoride film on the surface of the metal which
retards fu-ther reaction. At liquid fluorine temperatures, reaction with
; ‘ metals is even slower. Commercial fluorine is about 99% pure with up to

| 0.3% hydrogen fluoride and carbon tetrafluoride by weight. The remainder

of impurities are generally oxygen, nitrogen, and other inert substances. -
i The application of this particular system is somewhat undefined &\
for this work, but several assumptions can be made. The overall application 7
{ : would be an unmanned spacecraft whose mission would include some of the outer

planets. This would imply several conditions which include: zero gravity, low
temperature and pressure environment, and the possibility of micrometeroid
impact. Because of its high strength to weight ratio, titanium would be
favored for large structures such as the propellant tank. For a propellant
such as LF2, the temperature would be between 78° and 85°K.

4.1.2 Preliminary Exposure Test

There is a significant amount of histery available for the 6A1-4V
titanium LF2 system. Salvinski, et al [4-1], Uney and Fester [4-2], and
Vander Wall, et al [4-3] have published excellent reviews of compatibility
data for this system. There are conflicting data on the shock sensitivity
of titanium in liquid florine; however, it is well established that in
static systems 6A1-4V titanium is suitable for use with LF2. Furthermore,
no instances of propagation of reaction in LF2 have been reported for
impact studies [4-4]. Corrasion rates for most metals in LF2 are very slow
(after the initial film formation), but data on the rates of reaction are
scarce.

Since the available data for the 6A1-4V titanium LF2 system
indicated that there would be no problem in a static system, the pre-
; | 1iminary exposure test was bypassed.

SoEIge -
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4.1.3 Determining the Rate of Metal Buildup in LF2

4.1.3.1 Selecting the Measurement Technique

One of the most promising techniques for predicting long term
interaction between propeliant and material is the use of the rate of metal
buildup in the propellant as an indicator of that interaction. Referring
to Figure 2-1, we can see that the measurement technique must first be
selected. The procedure for making that selection is shown. 6A1-4V titani-
um has no major element which has a long-l1ived radioisotope; iron is not
considered to be present in sufficient quality to be useful, therefore, the
radioactive tracer technique is not applicable. Since the propellant LF2
is a cryogenic material, tnhe dry activation analysis technique is chosen.

4.1.3 ¢ Selecting the Test Apparatus and Configuration

Certain restrictions are placed upon the design of the test

apparat:. as a result of the chosen measurement technique and the propellant.

Fi~ . of all, for the container, there are a number of possible materials
that can be considered. These arc snown in Table 4-1. The proper choice
would have a "NO" answer in each column for the case that we are consider-
ing. There 1s only one material that meets all the qualifications for
this test, viz FEP Teflon. This material has the added features that is
relatively transparent (compared to TFE Teflon for example) and it is
thermoplastic.

The configuration for this measurement technique is not critical,
but the size should be kept small for two reasons: One, the volume of
LF2 should be kept to a minimum for safety; and two, the overall diameter
may be restricted by the reactor ancillary equipment.

4,1.3.3 The Detailed Immersion Test

Insofar as possible, the detailed immersion test will be discussed
by reference to Figure 2-3.
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Specimen Coupons - The 6A1-4V titanium was obcained in the ferm

i" of 1-mi1 foil from Teledyne Rodney Metals in Pico Rivera, California. The
titanium was the standard annealed type with heat number G4628.
Composition was determined to be 5.88% aluminum, 3.82% vanadium, and 0.15%

{ iron. The balance was titanium. The foil was cut into coupons 2.5 cm by d

. E 3.2 cm. No special surface finish treatment was given. Each coupon was
M numbered with a steel stamp. )
The coupons were cleaned according to the following procedure: w

wash in absolute ethanol, soak in 50% concentrated HN03/50% water solution
for ten minutes at room temperature, rinse with distilled - deioniz water
to a neutral pH, and dry.

L N

The coupons were then waighed on a Mettler balance {certified
accuracy ¢ .25 mg), and bagged in polyethyiene until ready for use.

Two coupons were used for each test container to increase the
available surface area.

Test Fluid - The fluorine used in this test conformed to specifi-
cation MIL-P-27405 and was supplied by the Allied Chemical Corporation,
General Chemical Division, Morristown, New Jersey. Prior to *est, the
fluorine was passed through a sodium fluoride column to remove hydrogen
fluoride. After such treatment, the gas contained less than 0.015% HF by
volume as determined by infrared spectrom:*ry according to the MIL specifi-
cation. Hydrogen fluoride was added to the fluorine in various amounts for
certain tests.

Some difficulty wac encountered during the investigation of HF im- ‘
purity that is worth reporting. The mil spec for F2 calls for an infrared i N
analysis of HF in fluorine and specifies u-2 of a stainless steel gas cell L
with calcium fluoride windows. Since a nickel-plated steel cell with i
barium fluoride windows was available and had beer used previously for this ’
type of ana1ysis, this was used first. A general fogging of the BaF2 i
windows was noted although such was not deemed detrimental to the analvsis H
of HF. Difficulty arose, however, when lower concentrations of HF in
argon were being analyzed while prepariny 4 calibratior. curve. The material
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that fogged the windows apparently released HF when exposed to very low
concentrations of HF in the d1luent argon, givinc erroneous results.
Subsequently, a mi1 spec stainless stcel cell w''" CaF2 windows was fabri-
cated and a4 new calibration was attempted, Essentially the same per-
formance was noted with the new cell: the windows fogged and HF was 1iber-
ated at low HF concentrations in argon. Consequently, th2 CaF2 windows

were replaced with fluorinated ethylene propylene windows which werked

quite well, being impervious to both HF and F2. With this cell no anomalies
were noted and the concentration of “F 1in F2 was found to be 0.915% by
volume.

Test Geometry - A convenient geometry for tests of this type is a
cylindrical tube approximately 2.5 cm in diameter and various lengths up to
40 cm. The coupon surface area to 1iquid volume ratio (S/V) was approxi-
mately 0.5 cm'l. The coupons were held in the tube by friction along the
tube walls. Two coupons were used in each tube. See Figure 4-1.

Container Design - The test container was con. - ructed from FEP
Teflon and stainless steel. The portion of the container that contacted
the liquid fluorine was all FEP Teflon and that part which connected to the
gas handling system was stainless steel. The Teflon portion was constructed
from 2.54 cm {1.0 inch) FEP tubing and .127 cm (.0% inch) FEP sheet obtained
from the Fluorocarbon Company, Anaheim, Cali{fornia. A bottom for the tubing
was prepared from a 2.86 c¢cm diameter disk cut from the sheet stock and joined
to the tubing using the heat from a small hot plate. See Figure 4-2. The
completed tube was slipped over the 2.54 cm stainless steel tubing, the end
of which was polished to provide a vacuum-tight sealing surface. The Teflon
tube was then heated slightly in a burner flame to soften the Teflon and then
allowed to cool on the steel tube, shrinking in .he process and forming a
tight seal. The container was cunnected to the gas handling system via
a Nupro stainless steel bellows valve. Sec rFigure 4-3.

Irstrumentation - No internal instrumentation was used for this test.

M1 measurements were performed by post-test analyses. It was possible tc
monitor, as necessary, the internal pressure of the test container by mean-
of the pressure gage used for the gas hand1ing system. This gage was a

—

O o

-
~~

y) it
o'
§
D | i

ot
O g




4

|
}{
|
.

T Y
y

.

FIGURE 4-1: TEST CONFIGURATION FOR 6A1-4V TITANIUM/FLUORINE, FLOX SYSTEMS
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FIGURE 4-2: PREPARATION OF THE FEP TEFLON CONTAINER
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morel Bourdon gage designed specifically for use with fluorine systems.
Temperature of the liquid fluorire was controlled by a liquid nitrogen or
liquid oxygen bath as required.

FIGURE 4-3: STORAGE CONTAINER FOR & ~1-4V TITANIUM/FLUORINE SYSTEM

? Test Conditions - Conditions for *nis test were those shown in

, Table 4-2. The basic temperature chosen was that of liquid nitrogen. Cften
f LF2 is stored at a pressure slightly above atmospheric; this pressure can be
* obtained by using liquid oxygen for the temperature batk. The hydrogen

fluoride content of the LF2 was varied from .CC8 to (.4 percent by weight.

Test Setup ~ A schematic diagram of the fluorine handling system
The fluorine system is a standard design recormended

is shown in Figure 4-4,
% by Allied Chemical Corporation. Two test containers can be connected to the
L system at once, or alternately a cest container can be disconnected from the
;’ system during test to allow other equiprent to be attached. Figure 4-5 shows
} two storage containers connected.
i
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TABLE 4-2
TEST CONDITIONS - Ti LF2

TEST TEMPERATURE PRESSURE HF CONC. DURATION
NO. °K Atn. Wt.% Hours
1 77.7 4 0.008 1.0
3 4.8
5 10.0
6 40.0
4 100.0

13 0.1 4.0

14 4 4C.0

15 100.0

10 0.2 4.0

N ‘ 40.0

12 10C.0
7 0.4 4.0
8 y 40.0
9 4 ! } 100.0

22 9(.2 1.€3 0.c08 4.0

23 40.0

24 + & * 100.C

Test Procedure - The clean test container with coupons is attached
to the fluorine handling system and evacuated. Gasecus fluorine is admitted
to the system to perform the passivation process and the pressure slowly in-
creased to one atmosphere and held for 10-15 minutes [4-5]. The system is
again evacuated and then the flusrine condensation into the test container is
started. If hydrogen fluoride is to be added to the container, a tube with a
weighed amount of HF is attached to the system and fluorine qas is used to
flush the HF into the LNZ cooled storage container. The F2 pressure is suc-
cessively raised to one atmosphere and then allowed to condense into the test
container until the pressure drops to about 1/2 atmcsphere. This is repeated
ten times; this procedure transfers 99.9% of the HF into the test container
by successive dilution. When the HF transfer is completed, the F2 pressure is
raised to slightly above atmospheric pressure and the condensation process is
continued until the required amount of liquid fluorine is obtained. The valve
on the container is then closed and the container can be disconnected from the

handling system if required.
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Test Termination - At the completion of the test time, the LF2

in the test container is allowed to warm slightly, raising the pressure

to somewhat above atmospheric ard the gaseous fluorine is vented through the
MaCl and sodz lime reactors to the atmosphere. The reactiorn in the reactors
are as follows:

Fo &+ 2NaCl =2 MaF + a1,
C12 + < NaOH = NaCl0 + NaCl + HZO
Cly, + Ca0 = CaC1(C10)

The tail-off takes about 20-30 minutes for a 25 gram sample. After the LF2
has becn evaporated, the system is quickly flushed with ritrcgen to minimize
the contact time of the coupon witk any residual gases. Thke bottom of the
tute (about 3.3 cm) is then cut off anc the metal coupons are weighed and
sealed in a polyethylene bag. The tottom of the tube which contains any
residue left after the evaporation is also sealed in a clear polvethylene
bag.

Post-Test Measurements - The distillatior of the LF? from the test
container leaves behind a residue whkich presumably contairs traces of the

metals constituting the coupon. The analysis for titanium, aluminur, anc
vanadium was performec bty neutron activation analysis. £r analysis of the
fluorine gas after the test was nct performed because the evaporating gas was
not reprsentative of the mixture in the container; the added HF, if any,
remained in the container until all of the fluorine had evaporated. The
volume required to corntain all of the 25 arams of fluorine as a gas at room
temperature and produce a homogeneous mixture would be atout 16 liters; this
volume was not available in the gas handling system. The amount of HF in the
system was determined by weighing the "HF container" btefore and after delivery
of the HF to the storage container. Corrections vere made for fluoride

film formation in the container anc for weight of fluorine gas left in the
container,

The neutron activation analysis of the residue in the FEP tubes was
subcontracted to the Lawrence Livermore Lahoratory (LLL) in Livermore, Cali-
fornia, primarily because of the high detection sensitivity at that facility.
As a preliminary investigation and baseline measurerent, the metal contents
of the FEP Teflon were deternined. The results of that analysis showed 7.2
micrograms (wg) Ti, 2.6 ug Al; and .018 ug V for a typical nine-gram Teflon
test container. This hich metal content was completely unexpected since

Teflon was reported to heve contaminarts in the parts per tillion range [4-G].
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Since it was anticipated that the level of metals in the residue
would be of the order of a few hundred nanograms or as much as a microgram,
the activation of the metals in the Teflon would obscure any such metals in
the residue. Therefore, it was decided that the residue must be removed frcin
the FEP Teflon tube.

A procedure for removing the residue from the Teflon tubes was suc-
cessfully developed by the Lawrence Livermore Laboratory. This procedure is
detailed in Appendix B. The residue was transferred to a small Durathane bag
and freeze dried.

A thorough examination of the contribution of reagents and blank
vessels to the metal analysis was performed by LLL. Several blank runs were
made: a reagent blank, with 2 m1 3N HC1 in a Durathene bag; a sample blank,
with 2 m1 3 N HC1 rinsed in a blank Teflon tube; and a spiked sample, with
1 ml of solution containing 2 micrograms each of Al, V, and Ti dried in a
blank Teflen tube subsequently transferred to a Durathane bag. No titanium
o, vanadium was contributed from empty Teflon tubes, but an irratic amount
of aluminum was found. The metals found in reagents used were negligible;
the contribution from blank Durethane bags was not. The values for the over-
all blanks were 140.3 nanograms (ng) Ti, 599 ng Al, and 4.07 ng V. The high
value for aluminum caused difficulty in the analysis for aluminum in the residue
samples, about half of the samples had an amount of aluminum that was less than
or equal to the blank (background).

Other post-test measurements included the washing of the metal
coupons “n distilled water, drying at 345°K, and weighing.

4.1.4 Correlation of Metal Buildup to Propellant - Material Reaction

Looking at the compilation of the test results in Table 4-3 and
Figure 4-6, several meaningful observations can be made. First of all, with
few exceptions, those tests in which hydrogen fluoride was added to the fluorine
exhibit higher titanium content in the fluorine residue than those without it.
This is true also to a lesser extent for vanadium, more so at the higher HF con-
centrations. The data for aluminum are of little value for two reasons:
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(1) Large analytical errors verc encountered during analysis because of the
kigh aluminum fourd in the hlank determination; and (2) suspected contamina-
tion cf samples with 2lurinum ("aluminum gets intc everything").

Secondly, the values for metals fourd in the residue do not appear
tc correlate dircctly te duration ¢f the test. This result is anomalous to

basic kinetics and is discussed in further detail Lelow.

Noting the changes ir mass of the coupon specimers, we see that,
after washing with hot water, many cf the specimens increased in mass. This
increase signifies that the fluoride film was simply hydrated rather than
dissolved. Schmidt [4-7] reports that "fluoride films ... are so closely
bonded to the metal surface that they are considered "in" rather than "or"
Thus a thin, closely btonded fluoride film might
On the other hand, as the film thickens frer

the surface of the metal."
not be expected to be soluble.
continued reaction or from influence of HF, the outer portion is not bonded
so tightly to the base metal and disscluticn of at least part of the film
becormes possitle. This is indeed noted in Table 4-3. Those specimens which
exhikited large mass increases before washing, lost significant amounts of
mass upon washing. Visual examination of the washed samples revealed, how-
ever, that even they retained come fluoride film after washing so that the

overall change in mass does not represent the mass of the fluoride film formed.

Ouantifying the above observations into some meaningful order must
involve an understanding of the reactions taking place. There are several
possible reactions which contribute to the corrosion process. Consider the
following:

Initially Ti0, + 2F2 = Tif, + 0, (4.1)
and subsequently Ti o+ 2F, = TiF, (4.2)
Competing with these reactions are
Tio2 + 4HF = TiF, + ZHZO (4.3)
Ti  + 4HF = TiF, + 2H, (4.4)
2H, + 2F, = A4HF (4.5)
1,0+ F, = 2HF +%0, (4.6)
Tiky + aHF = TiF,«(HF)_ (4.7)
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An attempt to determine the overall reaction mechanism and rate
from these equations is a tack for a computer. For now, we must be satis-
fied to make some general comments about the observed results.

The major reaction product T1’F4 is not significantly soluble in
liquid fluorine and one would not expect the hydrofluoride adduct T1'F4-(HF)n
to be soluble either. However, it is well established [4-1] that in the
case of many metals, hydrogen fluoride destroys the metal flucride film and
causes increased corrosion. The exact mechanism is not understood, but
probably the HF alters the crystal structure of the film sufficiently to
expose additional base metal which is oxidized by the F2. The reaction is
likely similar to that of moisture hydrating fluoride films [4-9]. This
cyclic mechanism may continue until the HF is used up or the base metal

is depleted.

One can postulate that random amounts of TiF4 o0 riF4-(HF)n are
flaked off the surface and are either suspended in the LF2 or settle to the
bottom of the vessel.

The analysis of the LF2 residue by neutron activation analysis
suggests that some random factor is in play and that the lavel of metals
found is difficult to directly relate to the amount of base metal reacted.
Visual examination also revealed that film formation was more pronounced

in certain areas.

Those samples exposed only to relatively pure LF2 (0.C08% HF)
showed very little Ti present in the residue and the coupon surfaces exhibited
the least amount of interaction. The tarnish observed on some samples was
indicative of a very thin fluoride film and could not be washed off. Kleirbere
and Tompkins [4-10] found that the film on titanium in fluorine at 1%.°”
reached a constant thickness of about 6 A after four hours.

Thus, while there is an evident lack of correlitios of t. . veeyir-
with time, there is a definite correlation with the amount :f Ly.iroa.n
fluoride presert. While some authors [4-2] have indicated iraf r. + attack
should occur below the freezing point of HF (181°K), the present work does
not bear out that assumption. The method used to introduce HF into t .
fiuorine was conducive to the formation of very finely divided part: :les ¢f
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HF, and one cannot assume that all chemical reactivity stops simply because
of a change of state. The solubility of HF in liquid fluorine is not well
known, but even minute amounts of dissolved HF can be considered to account
for the observed results. Cne estimate of HF solubility in LF2 places the
Timit at 0.3% by weight [4-12].

Examination of the values of V/Ti ratio in Table 4-3 reveals that
for the cases in which HF was added to the fluorine, the value for the ratio
is very close to the value in the alloy (.042). On the other hand, those
tests “or which no HF was added (.008% HF) showed significantly higher values
of the V/Ti ratio. The average value for tests with HF added was .046, and
that with no HF added was .155. These numbers are suggestive of a difference
in the mechanism that is responsitle for the appearance of titanium and
vanadium in the liquid fluorine.

Any attempt to explain this difference in behavior would be pure
speculation; however, it is plain that the hydrogen fluoride plays an
important, albeit undefined, role in the contamination of the fluorine
with titanium and vanadium. This role may involve the formation of the
TiF,-HF  auduct (see Equation 4.7) in the surface film which may crack
or otherwise deform the crystal structure of the film permitting further
attack on the base metal. If this cracking and other micromechanical
movement causes some of the film to be lost to the solution, a concentration
of metals in the solution may be much closer to the nominal value found in
the alloy than otherwise would be the case.

4.1.5 Establishing the Kinetic Rate Expression

Although the data generated here do not permit a definite
kinetic expression to be established, it is still possible to utilize
kinetic rate law arguments to formulate long-term predictions. This is
possible because the data may be sufficient to set an upper limit or
maximum rate of corrosion in the system of interest.

As previously noted in Section 2.3, the most injurious reaction
is an autocatalytic attack on the metal surface. An example of such a
mechanism is the decomposition of hydrazine in the presence of a copper
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E compound. The decomposition is catalyzed by copper ions, and as the reaction

[ & progresses, more and more copper ions are added to the solution, thereby
. . accelerating the rate of corrosion. While such hichly destructive mechanisms
.. are possible in other propellant systems, they are unknown in metal-fluorine ,
g systems. Furthermore, hydrazine is logically susceptitle to autec .talytic f
;} . decompositicn, since the compound is thermodynamically unstable In ihe “
ir 6A1-4V titaniur/fluorine system, hcwever, no such comparable situacion exists. )
Having ruled out autocatalytic mechanisms, the next worst case .k

is a zero-order reaction. In such an instance the rate of reaction is in-
dependent of contaminants in the propellant and is constant as a function

of time. Zero-order reactions are relatively common in metal/liquid systems.
Pseudo-zero-order reactions are especially common. See Section 2.3. While
the reaction may technically depend on the surface area of the metal or the
concentration of the prepellant, these variables remain essentially conctant
during the courze of the reaction, which in turn leads to a constant cor-
rosion rate.

It will now be assumed that the data of Table 4-3 reflect a
zero-order rate law as the worst possitle case. Although there is scme
scatter in the data, the data points can be averaged to obtain a reasonable
upper limit to the rate expression. Table 4-4 summarizes the results for
titanium.

Inspection of Table 4-4 shows that at low HF concentrations
(0.008 and 0.11%) the rate of titanium buildup in fluorine is greatest é
at short contact times. Such a result is not consistent with a zero-order {
reaction, but rather is suggestive of a higher-order reaction rate. At
higher HF concentrations (0.21 and 0.38%) the data becomes more erratic, N
but in all four cases the trend is toward a higher corrosion rate at higher
HF concentrations as indicated by averaging the three data points at each !
HF concentration. These average corrosion rates can be assumed t» be of
zero-order in order to calculate the maximum possible rate. These rate. are .
plotted againrst HF concentration in Figure 4-7. The solid line represents
a least-squares fit to the experimental data. Figure 4-8 illustrates the
maximum extent of titanium buildup as a function of time.
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TABLE 4-4

AVERAGE RATE OF TITANIUM BUILDUP IN FLUORINME AT

77.7°k
Ti
ppb/day
HF DURATION Ti Ti (average of
Y (Vt.2) (Days} (ppb!} (ppb/d_y) 3 rates)
0.608 <A 7.8 18.6
..67 7.5 4.5 8.1
3. 4.1€ 5.0 1.2
)
4 0.11 0.17 5.4 31.8
o 1.67 8.4 5.0 13.2
4.16 12.1
P
i 0.. 0.17 3.9 22.%
] i 1.67 26.0 155.7 6.5
1 ;oA 4.16 12.3 3.0
l ! .
{0t 0.35 0.17 165 970.6
e 1.67 53.5 32.0 | 350.2
(.
}. % 4.16 200 48.0
"i i {.‘
? ‘v 4.1.6 Integration of Results
. { Integrati« n of the results from the pressure leg (see Fiqure 2-1),
{ ! the metal leg, and the surface leg was as follows: the pressure buildup, if
- S
— '; any, was below the detcctablc 1imit for this test. The metal buildup has
T been di-cusced. The surface degradation, while observed, was not quantified
. r
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by means other than mass change and examination by optical microscope at
30X. As noted in Table 4-3, those samples in the presence of large amounts
of HF exhibited what was termed in Figure 2-5 as “gross changes". MNo
detailed study of the surface change of thcse samples would be warranted.
Since no "gross" changes were noted for those samples immersed in HF-free
LFZ’
The scope of this program did not permit such a study, however.

detailed surface studies of those samples may yield significant data.

4.1.7 Predicted Long Term Behavior

As an illustration of a hypothetical use of the prediction
method, assume that liquid fluorine (maintained at 77.7°K) is loaded into
a 6A1-4V titanium feed tank (surface-to-volume ratio 0.5 cm"]) of a space-
craft. Analysis of the fluorine shows an HF impurity content of 0.04%.
How long can the spacecraft remain in space before the titanium builds
up to a level of 10 ppm?

The problem is solved by finding the maximum possible average
rate of corrosion corresponding to 0.04% HF in Figure 4-7. According to
the graph,

Max. possible Ti buildup rate = 2.0 ppb/day. A lower limit to
the time required to reach 10 ppm is then given by

3 ppb
(10 ppm) (10° BE2)
. _ ppm’ , 1 year
Time (years) = 9.0 ppb/day (3 ays )

3.0 years
4.2 THE 6A1-4V TITANIUM/FLOX (88:12) SYSTEM

Because of its close relationship to the previous system, the
6A1-4V titanium/FLOX (88:12) system will be discussed now.
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4.2.1 System Definition and Application

FLOX (88:12) is a mixture ¢f nominally S2% fluorine by weight and
12% oxyocer. In many respects. the properties of FLOY are similar to those
of LFZ‘ It has been shown that the reactivity cof FLGX is less than that of
fluorine, depending upon the percentage of fluorine in the mixture [2-7].
FLOY (88:12) 1s not a standard commercial qas and must be made up specialiy
for each requirement. FLOX is made by mixing gaseous fluorine with caseous
oxygen and then condensing to the liaquid state as required.

The application for this system is essentially the same as tnat
for fluorine with the FLCX and fluorine being alterrate choices.

4.2.2 Preliminary Exposure Test

There {s very 1ittle literature on the subjiect of compatibility of
FLCX (88:12) with titanium, Dut most authors indicate that caution should be
exercises with this system. Tre sensitivity of titanium in liquid oxyaen to
shock with propacation [4-87 and the shock sensitivity under some circum-
stances in liquid fluorine suogest that shock sensitivity in FLCX would be
a serious consideration. Thus, any tests with this system should be approached
with due respect.

The reactivity of FLOX can be assessed in two ways. Firstly, the

FLOX can be considered as liquid fluorine which has been diluted with Tiquid
oxygen, and therefore the reactivity is proportionately less [4-7]. Secondly,
the FLOX can be considered tc have essertially the reactivity of fluorine (at
high percentages of fluor.,ae) plus havina the contribution due to liquid oxy-
gen with {ts potential fcr ferming reactive free radicals. Thus, 4 case can
be made for either decreased reactivity or increased reactivity of FLOX com-
pared to LFZ.

Because cf favoratle experience with the titanium/fluorine system
and the high content of fluorine in the FLOX, the prelimirary exposure test
was bypassed but the detailed immersion test was approached with caution.

79



4.2.3 Determining the Rate of Metal Buildup in FLOX ,

Because of the close similaritv between FLOX (88:12) and LFZ’ the >
procedures and techniques used for determining the metal buildup in FLOX -
were the same as used for LFZ’ described in Section 4.1.3. The 6A1-4V 17'
titanium/FLOX system was investigated izt a lower level of effort than the -

fluorine system. thus the test conditions were abbreviated. See Table 4-5.

The FLOX was prepared by adding gaseous oxygen to a cylinder of

gaseous fluorine. Analysis cf the mixture yielded a value of 87.1% fluorine i
by weight; however, for reasons of consistency, the FLOX will be referred i
f to as 88:12. -~
. 3
; ‘ 4.2.4 Correlation of Metal Buildup to Propellant - Material Interaction -
: ¥

The results of the metal buildup study of 6A1-4V titanium in FLOX
(88:12) are shown in Table 4-6 and Figure 4-9. Many of the c mments for the R
6A1-4V titanium/LF2 study apply to this system also. The same scatter in
the data was noted, and there was the same difficulty in correlating the
! metals found in the FLOX with the surface reaction. The observation that
{ HF plays an important role in tne 4iteraction was reinforced and the nature
1 : of the fluoride films was about tre-same. The films were noted to be very !
&*\ . tenacious and could not be completely removed. It was noted also that the
- loss in weight of the coupon upon washing was related to the film thickness.
That is, the very thin films were not soluble in water, whereas the thicker
films found after exposure to FLOY with HF added, wash off, at least in part. . )

o

It is interesting to note again the ratio of vanadium to titanium _ .1 ,
found in the residue. For the tests in which HF was added, the ratio is j)
very near that found in the alloy, whereas with no HF added the vanadium is - .
high by up to an order to magnitude. This again suggests ihat the HF may attack ::) :
both metals equally while the F2 may preferentially attack the vanadium.
Alternateiy, the titanium fluoride film may be substantially more adherent
- than the vanadium fluoride layer in the presence of fluorine only but less
adherent in the precence cof HF.
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TABLE 4-5

TEST CONDITIONS FOR THE 6A1-3V TITANIUM/FLOX SYSTEM

-,

Test Temperature Pressure HF Conc. Deration
No. °K Atm. Ut % Hours
16 77.7 .37 0.008 4
17 0.008 40
18 0.008 100
19 0.4 4
20 ! t 0.4 a0
21 77.7 .37 0.4 100
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Little significance can be given to the one case in which aluminum
was detected in sufficient quantity to report. The same difficulties with

quantifying aluminum in the fluorine tests were also associated with the
FLOX tests.

4,2.5 Establishina the Kinetic Rate Expression

The data of the FLOX test are similar to the data of the fluorine
test in that the scatter in the data do not permit the derivation of a defi-
nite kinetic expression. However, arguments similar to those of Section 4.1.5
can again be used to establish a maximum possible rate of metai buildup
assuming zero-order kinetics.

Focusing on the element titanium, the data of Table 4-6 can be used
to construct Table 4-7. Insufficient data are available from the abridaed
FLOX test to obtain a meaningfui dependence of the rate of metal buildup on
HF concentration. Nevertheless, the data of Table 4-7 are =ugaestive of a
higher corrosion rate at higher HF concentrations (Cf. Ta. 4-4).

4.2.6 Integration of Results

Integration of the results from the pressure leg, the megal leq
and the surface leg was as follows: any possible pressure buildup (doubtful)
was below the 1imit of detection. The metal buildup has been discussed. The
surface degradation was noted throuah visual examination at 30X and throuah
measurement of the mass changes as noted in Table 4-6. Sianificant mass
changes were observed in cases with 0.4% HF in the FLCX and as in the case
for LF2 no detailed study would be warranted for such a level interaction.
Furthermore, since the major emphasis of the program was on the metal build-
up, no detailed surface study was pursued for the HF-free FLOX case.

4.2.7 Predicted Lona Te~m Behavior

A hypothetical situation can ke used to demonstrate the prediction
method. Suppose that it is desired to send a spacecraft on a five year
mission. The titanium feed tank (Z/V = 0.5 cm']) is to be loaded with FLOX
at 77.7°K. Can the HF content of the FLOX be reduced to a sufficiently low
Tevel upor passing the FLOX through a column packed with NaF to limit the
amount of titanfum buildup to no more than 20 ppm at the end of the missicn?
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L TABLE 4-7

{ AVERAGE RATE OF TITANIUM BUILDUP IN FLOX AT 77.7°K

{ Ti Fs

' ) i ppb/day :
o HF Duration Ti Ti (Average of 1
¢y (Wt.% ) (days) (ppb) (ppb/day) 3 rates) .

} 0.008 0.17 3.3 19.2 -

L | 1.67 14.1 8.4 9.3

4 4.16 0 0 <~ .

’\

) 0.43 0.17 408 2400

L | | 1.67 110 65.9 834.6
- 4.16 158 33.0
= -

e . - ) N
e 2 ‘] -

e

An attempt can be made to answer the question posed above by
assuming, as indicated in Section 4.2.5 (also Cf. 4.1.5) that the rate
of titanium buildup can occur no faster than that defined by zero-order
kinetics. Table 4-7 shows rate data for FLOX that has been pasced through
NaF, thereby reducing the HF concentration to 0.008%. The average rate of
¢ titanium buildup was found to be 9.3 ppb/day. An upper limit to the titanium . 1‘
expected after 5 years is then given by L

!

~ o

F
.
ke, 2 S

9.3 ppb X 1ﬁppm X 365 days
ay 10° opb year

Therefore, the answer to the question posed in the preceding paragraph is,
yes, the amount. of buildup will be below the specified limit.

Titanium (maximum) = X 5 years = 17 ppm

~ e

>
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TABLE 4-8

CHEMICAL COMPOSITION OF 2219-T87 ALUMINUM

(% By Wt.)

ELEMENT SPECIFICATION TEST SAMPLES
Copper 5.8 - 6.8 6.03
Manganese 0.2 - 0.4 .26
Iron 0.3 max. .23
Silicon 0.2 max. Jd1
Zinc 0.1 max. .088
Vanadium 0.05 - 0.15 .09
Titanium 0.02 - 0.10 .08
Magr :sium .02 max. .014
Zirc ‘um 10 - .25 .16
Aluminum Balance Balance

]
4.3 THE 2219-T87 ALUMINUM/LIQUID FLUORINE SYSTEM

4.3.1 System Definition and Applicatic .

The 2219-T87 alumirum alloy is another promising aerospace material
possessing excellent physical and chemical properties. The alloy belongs
to a family of alurincm alloys which have a high percentage of copper;
2219-T87 possessing 5.8 to 6.8 percent. The general specification for
2219-T87 aluminum is shown in Table 4-8.

The oxidizer fluorine and the application have been de.c-ibed in
Section 4.1.1.

4.3.2 Preliminary Exposure Test

Aluminum in general is rega !=u as being acceptable for fluorine
service [4-2] and stress corrosion or 2219-T281 aluminum in LF2 has been
investigated by Lo.entz [4-11] who found negative results. Because of
the favorable data available for 2219 aluminum, no preliminary exposure
test was necessary.
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4,3.3 Determining the Rate of Metal Bujldup in LF2

o)
.

4.3.3.1 Selecting the Measurement Technique

In Figure 2-4, the method for selecting the proper measurement
technique was shown, Since 2219 aluminum contains copper as one of ine ¥
major alloy constituents and since copper~63 activates to the 12,8-hour
half 1ife copper-64 radioisotope, the radiotracer technique is a good
choice for the measurement technique. Refer to Section 3.2 for back- -
ground and theory for this technique.

-
jolilla PN
£ Al <

4.3,3.2 Selecting the Test Apparatus and Canfiguration
The constraints on the container mi.cerial are not as great as b
for the dry activation analysis technique, but the FEP Teflon tubing was
found to be quite satisfactory for fluorine service and was convenient to
use. The FEP Teflon tube was attached to a copper tube in the same manner
as discusc2d in Section 4.1.3.2, The copper tube was bent into an angle

~a L B ‘? K 3!»):“
™ “m‘i pi—

1

(:‘ to provide a method for proper shielding of the gamma detector from the s
8 radioactive sample. See Figure 4-10.
éh .
g ,§ {zi 4.3.3.3 The Detailed Immersion Test
‘a Specimen Coupons - The 2219-T87 alumirum was obtained from the .
‘,H Aluminum Company of America (Alcoa) in the form of 2.18 mm (0.125 inch) ;

\ «l sheet, Alcoa heat number 720471. Samples of the sheet were milled to *
0.125 mm and coupons were cut to size (25 mm x 13 mm). The thickness of
the coupons was kept to a minimum to keep the total radioactivity of the
samples to a minimum. The chemical composition of 2219-T87 aluminum is i

s,

¢

AP A A

(; 3 given in Table 4-8.

(:~‘ The coupons were cleaned and passivated according to the procedure : 1“
j% ' which included the following steps: é '

i 3 2
& (:f\ (1)  Degrease with isopropyl alcohol. [
'& ; ! (2) Wash in 4% Joy solution for 5 minutes at 350° to 370°K.
| - (3) Deoxidize in 4% solution of Na3P04 at 350°K for 2 minutes.
’b'; (1 (4) Rinse with distilled water.
(5) Passivate with a solution of 1% HF, 1% HNO,, and H,0 for

one minute at room temperature.
(6) Rinse with distilled water to a neutral pH.
(7) Dry with dry. oil-free nitrogen.
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A view of one of the cleaned and passivated coupans is shown

in Figure 4-11. Two coupons were used for each test to double the availakie -
surface area. /§
Test Fluid - The fluorine used was identical t¢ that described ir a‘l
Section 4.1.3.3 for thke 6A1-4V titaniun/fluerine investigation. s
Test Geometry - The test ceometry consisted of the two 2219 alumi- ‘}

num coupons suspended in the angle tube by a ribbon of pure alumirum foil
(1100-0) which was, in turn, connected tc a Teflon covered magnetic stirring
bar. See Figure 4-10. This configuration allowed external manipulation of
the test coupons with the aid of a maagnet after the container was sealed. N
The coupon S/V was approximately 0.8 cm'].

Container Design - The design of the test container was essentially }
the same as the one for the 6A1-4V titanium test with the exception that a

Tong copper tube bent to an angle of 30° to 45° was used. This long tube \
allowed the radioactive 2219 aluminum coupcn to be retracted to an area !
shielded from the detector by lead bricks as shown in Figure 4-12 or Figure \
4-13.
Instrumentation - The ir’~rnal pressure of the test container was }
monitored by the gas handling system pressure gage. The temperature of the
container was controlled by a 1iquid nitrogen or liquid oxygen bath ac -equired. )
The buildup of the copper-64 radioisotope in the fluorine was menitored by a
Nal(Th) detector, dual-channel analyzer system consisting of the following -
apparatus: ,;)
(1) 3" x 3" cylindrical sodium iodide crystal detector. %::) |
(2) Boeing built preamplifier.
(3) Baird-Atomic Dual Channel Analyzer, Model CS 202. :
(4) Baird-Atomic Timer, Model CS 905. -;)
‘5)  Baivd-Atomic Scaler, Mo ":1s CS 107 and CS 127. on -
(6)  John Fluke DC High Volta : Fower. L) ‘

(7) Mis: 2lianeous calibration sources.
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FIGURE 4-10:

FIGURE 4-11:

2219 ALUMINUM TEST CONFIGURATION
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FIGURE 4-12: OVERALL TEST SETUP, 2219 ALUMINUM - LT

F{GURE 4-13:

2

e ....n""" ..-z-’ .

CLOSE UP OF SETUP IN COUNTING CONFGURATION
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- Test Conditions - The conditions used during the 2219 aluminum

- tests are shown in Table 4-9.

Test Setup - The fluorine handling system described in Section
4.1 3.3 was utilized for this test. Cnly one storage container was connected
te ’ .2 system during test. An overall view of the test setup is shown in
Figure 4-12.

Test Procedure - The clear and dry storage container with the
activated coupons ir the retracted position was connected to the fluorine
handling system and then evacuated. Gaseous fluorine was admitted to the
system to passivate the storage container ard coupons and the pressure

] i was slowly increased to one atmosphere and *¢ld for 10-15 minutes. The
: ‘ system was then evacuated again to remove any possible HF and the con-
;' : densation of the fluorine into the container was begun. If hydrogen
fluorice was to be added to the container, a tube with a weighed amount
of HF was attached to the system and fluorine gas was used to flush the E 2
HF into the storage container where it was condensed along with the fluorine
by liquid nitrogen. When the HF transfer and fluorine condensation were
compiete, the fluorine source valve was closed and the container was left
‘ open to the handling system so that the pressure could be monitored.

e
., ,A"

i

Kith the proper amount of fluorine in the storage container, a
i ¢ count of background radiation was made and then the 2219 aluminum coupons
were lTowered into the fluorine to begin the test.

o
)
Yo

During the test, the coupons were periodically withdrawn from the
LF2 into the area shielded from the detector and the amount of radioactive
copper-64 in the LF2 was measured. Then the coupons were returned to the
LF2 and the test continued.

Test Termination - After about five days, the disintegrations of
copper-64 became too few to count in a reasonable leaoth of time and the
testing with the 2219 aluminum coupon was terminated. The coupons were

~~~

C
o e

.
’
1
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retracted from the LF2 which was then allowed to warm slightly, raising the

pressure slight’y above atmospheric. The gaseous fluorine was vented through .
NaCl and soda lime reactors to the atmosphere. The storage container was dis- ~
connected from the fluorine handling system and the specimen coupon was P

removed and weighed. The bottom of the Teflon tube was cut off at the lev.l
" of the top of the liquid exposure and sealed in a polyethylene bag.

pab
Post-Test Measurements - The residue left in the FEP Teflon tube i
after the fluorine evaporation was analyzed for aluminum and copper by atomic .
absorption spectroscopy (see Section 3.3). The residue was soluble in water. - =
3
i The aluminum coupons vere washed thoroughly in hot water, rinsed ’
? with distilled water, dried at 345°K , and weighed. The results are shown !
in Table 4-10. .
-~ > -
4,3.4 Correlation of Metal Buildup to Propellant - Material Reaction }
d The results of the measurement of the rate of metal buildup in "\
‘ t the fluorine from 2219 aluminum are displayed in Figure 4-14. The uncertain-
" ties in the data points is approximately * 20%. After about 0C hours, the —~)
] y copper-64 tracer has decayed sufficiently so that it is no longer measurable. L2
| For HF concentrations from .008% to .49% by weight in the liquid ")
1 fluorine, there appears to be 1ittle difference in the rate of interaction .
with the 2219 aluminum. The scatter in the data is sufficiently large to ':) ‘
obscure minor dependence, if any. -
Increasing the temperature 16 degrees results in a small but measur- j::! ‘ N

able rate increase. \

In general, the 2219 aluminum alloy is quite resistant to liquid
fluorine, even with .49% HF present. The A1F3 film protecting the aluminum
appears to be very effective as shown by the small mass changes recorded
in Table 4-10. There, also, 1ittle significant difference is noted when HF
is added to the fluorine.

)
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TABLE 4-9
‘ TEST CONDITIONS 2219-T37 ALUMINUM - LIQUID FLUORINE SYSTL’M
i l Test Tempsrature Pressure HF Coqc. Duration
i No. K Atm. M. % Hours
" % t 25 77.7 A1 .008 78
; 27 17.7 41 2 104
| ;; 26 77.7 41 .49 117
t“ I 28 90.2 1.63 .008 101

. —:ﬂ
4
W,
e

C TABLE 4-10 .
| ALUMINUM SAMPLES BEFORE AND AFTER EXPOSURE TG LIQUID FLUORINE
4 . ( Test Toupon | Initial Wass After Mass After
fﬁ . Number Number Mass mg Test ma AM Wash mg AM
] f ( N 5 98.29 98.54 +.25 | 98.48 +.17 :
ot | 6 97.62 97.95 +.36 | 97.87 +.25
t ( ’ 8 107.47 107.93 +.46 | 107.63 +.16
s 9 94.76 95.18 +.02 | 94.86 +.10
; C 13 108.83 109.19 +.36 | 108.92 | +.09 ;
é . 28 16 107.04 107.30 +.28 | 107.23 +.19 1
. C 18 104.56 104.70 +14 | 108.75 +.19
\ 'f O * 19 103.61 103.83 +.22 | 103.80 +.19 i

-~ o~
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ALUMINUM CONCENTRATION, PPD

4 S

I
/ v .008 % HF  90.2°K
/ O  ,008 % HF
/ A 2w p 77T
i O .49 % HF
1.
R
.5t
o 20 40 60 80 100

TIME, HOURS

FIGURE 4-14: ALUMINUM BUILDUP IN LIQUID FLUORINE WITH
TIME FROM CONTACT WITH 2219 ALUMINIM
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4.3.5 Establishing the Kinetic Rate Expression

For reactions in which the concentration of the product is very
small compared to the reactants, most types of reactions (e.g., first-order,
second-order, etc.) exhibit pseudo-zerc-order rate dependence, that is,
the rate of product accumulation is proportional only to time. With the
small degree of interaction noted between the aluminum and fluorine, one
would expect this type of dependence. Thus, a plot of aluminum concentra-
tion in fluorine versus time should yield a straight 1ine. Such a plot
is shown in Figure 4-15. The solid Tines were constructed from a least
squares treatment of the experimental data. Trectment of the 77.7°K
data separate from the 90.2°K data indicates a defi.!te dependence of
the rate on temperature. T'e slope of the lines calculated by least
squares is equal to the reaction rate constant at that temperature. A
plot of log k versus 1/T will give the activation energy and the Arrhenius
constant in the equation k = Ae'E/RT. This technique is shown in Figure
4-16 with the resulting equation being k = .85 e '316/RT(ppb/hr), where R
is the gas constant in calories/deq. wol.

This kinetic rate expression is by no means a rigorously defined
entity; however, it represents the best available at this time.

4,.3.6 Integration of Results

While a complete investigation of the pressure leg and surface
leg (Figure 2-1) were not accomplished. no pressure buildup was observed
and no discernible surface change was noted on the 2219 aluminum other than
some slight discoloration on one sample. Since the sample counons used in
the metal buildup leg were radioactive, a post-test surface analysis was
not performed.

4.3.7 Predicted Long Term Behavior

Using the kinetic rate expression developed for 2219 aluminum in
fluorire, a prediction can be made for the level of mctal buildup in liquid
fluorine in an aluminum tank over a period of, .ay, five years. Let us
assume that the storage pressure is to be 1.1 atmospherc: (16 psia) so that
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ALUMINUM CONCENTRATION, ppb.

LoG K

30]
28f XY o
v .008 % HF, 90.2°K v
O .008 % HF
L NPT 77.7°
24} O .49 % HF /////////
22}
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18}

16}

14}

12

10F

SLOPE =.110

v

CA

Q0 O A A A i A

0 20 40 60 80 1c0
TIME, HOURS

FIGURE 4-15: DERIVATION OF THE RATE CONSTANT FOR
ALUMINUM BUILDUP IN LIQUID FLUORINE

0 2 & 6 8 10 12 14 16 18 20
1/7 x10°

FIGURE 4-16: TEMPERATURE DEPENDENCE OF THE RATE CONSTANT
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the temperature is 86°K. Also assuming an HF content witli.in the range
investigated in this work, we can calculate the reaction rate constant and

determine the metal concentration after five years. The reaction rate constant

is given by
k = .85 exp [-216/(1.987 » 86)] ppb Al/hr.
k = .134 ppb Ai/hr.

The aluminum concentration at any time, t, is given by CA1 =kt
where t 1s the tir2 in hours. The mission duration in hours is 43,800 hours
so that the aluminum concentration becomes 5.9 parts per million.

Now, let us consider another possible question; what average
storage temperature can be endured during the five years and maintain the
level of interaction low enough so that no more than 10 ppm aluminum is
built up in the propellant? To produce a concentration of 10 ppm in five
years would require a rate constant of .228 ppb/hr. Since 1o0g k = log .85 -
(316) / (1.987T), the temperature is 121°K. This is somewhat above a normal
storage temperature (F2 vapor pressure 14 ati ospheres) and wouid not be
expected to be encountered. Thus it is concluded that the interaction over
the long term would be very low indeed.
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4.4
4.4.1

THE 6A1-4V TITANIUM/HYDRAZINE SYSTEM

System Definition and Application

As the result of a detailed set of analyses considering trade-

offs among the parameters of cost, mass and reliability, JPL has

selected [4-13] a blowdown-pressurized monopropellant hydrazine

propulsion system to provide trajectory correction impulse for outer

planet flyby spacecraft.

A typical example

of such an application is the

TOPS (Thermoelectric Outer Planet Spacecraft) vehicle for the Grand Tour

mission.

The advantages which accrue from the use of this energetic and
thermodynamically unstable material are sufficiently great that all aspects

of its use have come under close scrutiny.

This combination of high

reactivity and widespread applicability make hydrazine a most appropriate

selection as the fuel to be studied in the current program.

Most commercial hydrazine, including that utilized in these
studies, is purchased under Military Specification MIL-P-26536C. The
latter requirecs @ minimum hydrazine content of 98 percent (by weight),
a maximum of 1.5 percent water (by weight) and a maximum particulate

matter content ¢f 10 milligrams per liter.
information for a material which is subject to catalytic decomposition and
has a requirement for storage and use in a spacecraft for periods up to

This lack has been recognized and a revised Mil Spec is under

ten years.

preparation [4-14].

A recent investigation

This is a skeletal amount of

[4-15] reported that the major

soluble non-metallic impurities are water, carbon dioxide, aniline and
chloride ion; the major metallic ions are sodium, chromium, iron and

nickel.

As mentioned previously (Section 4.1.1), the alloy designated

as 6A1-4V titanium is widely used in aerospace applications bzcause of
its high strength-to-weight ratio, good machining chara:teristics and

generally

excellent chemical compatihility.

Sufficient compatibility

data has heen gathered on this material to result in ics provisional sel-

ection as the primary TOPS propulsion system material [4-131,

98
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L the latter reference and elsewhere, 6A1-4V titanium is one of the materials

' | £ currently undergoing long-term hydrazine compatibility tests at JPL. The

: - cpportunity to develop par?’lel complementary data on the material of
T choice for hydrazine cnnlication made the decision to include 6A1-4V titanium
. beth obvious and straightforv.ard. X
% 3

4.4,2 Prelimirary Exposure Test

A11 of the studies rade to date on the £A1-4V titanium/neat hydra-

_.-_-_'_.,'..._:w__. B
RN
\

zine system indicate a hich denree of compatibility. The test data are exten- -
! { sive, and have been recently reviewed by Coulbert and Yankura [4-1€] and by
% ) Cadwallader and Piper [4-17]. These results constitute a considerable por- .
L tion cf the justification for selection of this titanium alloy as the material
1 of choice in TOPS propulsior systems. Since nc new information would be
s obtained by conducting a prelimirary exposure test or. this system, this step
' ( was deleted.
{ ‘ 4.1.3 Determination of the Rate of Metal Buildup in the 6A1-4V =-
o Titanium/Hydrazine System
(:2 4.4.3.1 Selection of the Measurement Technique

Selected sensitive techniques for determining the rate of metal
buildu. have been described in Section 3 and cateccrized as to their applica-
bility in Section 2. Reference to Figure 2-4 shows that in the 6A1-4V
titanium/hydrazine system (no long-lived radioisotope of major elements in the
2lloy, non-cryoaenic propellant) modified atomic absorption spectroscopy yields
the best results. In this context, "modified" specifically refers to use of
the graphite tube furnace sampling method, in contrast to the more typical } ”lu
nebulizer flame technique [4-18]. Use of the former method enhances the L
sensitivity (i.e., allows detection of sianificantly smaller quantities) of
refractory metals such as aluminum and titanium.
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4.4.3.2 Selection of the Test Apparatus and Configuration

There were essentially no constraints placed on the test apparatus
and configuration which were related to the subsequent measurement technigue.
The modified atomic absorption method requires a very small sample si:ze,
typically i00 microliters or less. So lon¢ as the sample is submitted in a

{ 5 Al
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container from which it is convenient to withdraw aliquots of this size with
a microsyringe, the analyst is satisfied. The vessel delivered to the
analytical laboratory need not be that in which the exposure was conducted.
ks a result, the enly constrairts were imposed by the desire to conduct the
‘ost simply, safely, and with a minimum opportunity for interference from
the test capsule itself. Al1 the requirements were met by the utilization
of screw-cap type biological culture tubes, as detailed Lelow.

4.4,.3.3 The Detailed Immersion Test

In so far as was possible, the design of the immersion test
parallels that of the long-term hydrazine compatibility testing being
conducted by JPL (e.g., [4-13]). The purpose of this is to ultimately
allow comparison of predictions based on short-term experiments with
real-time exposures.

Specimen Coupons - The 6A1-4V titanium was obtained from JPL
stock of the material used in their long-term compatibility testing. It
was produced by Titanium Metals Corporation of America per MIL-T-9046E,
Type III, Composition C, annealed. The titaniur was in the form of 0.063
inch sheet and was identified as a portion of heat G-1863. The latter had

the following certified analysis:

TABLE 4-11
CHEMICAL COMPOSITION OF 6A1-4V TITANIUM SPECIMENS
Carbon 0.023% Vanadium 4.1%
Iron 0.09% Hydrogen 0.012%
Nitrogen 0.010% Oxygen 0.10%
Aluminum 5.1¢ Titanium 50.565 (hy
difference)

The specimen configuration selected was essentially a scaled-
down version of the slug-type coupons employed in the 110°F (316.5°K)
long-term compatibility tests being conducted by JPL [4-13 and 4-20].
Since the experimental approach adopted did not concern itself with Le-
havior in the gas phase, the scaling was based solely on the immersed
portion of the JPL coupon. The latter had a metal surface to propellant
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volume ratio of approximately 0.5 cm']. Based on the thicknesc of tue
furnished material and the propellant volumes attainatle in the exposure
capsule (see telow) a nominal specimen size of C.5 cm x 1.9 cmx 0.14 cm
(0.20 in. x 0.75 in. x 0.55.) was selected.

The specimens were machined, cleaned and passivated per JPL
specification [4-20 and 4-21], with the exception that isopropyl alcohol
was substituted for Freon TF wharever the latter appeared. This was done
by direction [4-22] ir crder to avoid the possibility of chloride con-
tamination which has been experienced elsewhere [4-23]. No identifying
marks were placed on the specimens. They were assiured the number of the
capsule in which they received their exposure and handling procedures
designed so that upon removal from the capsule they were inmediately placed
intn containers which had been prepared and numbered so as to have a one-
to-one correspordence with the capsules.

Test Fluid - The hydrazine utilized in fulfillmert of Contract
NAS7-789 was purchased from the Glin Corporation, Chemical Division, Stamford,
Connecticut, per MIL-P-26536C. The material was shipped from Olin's plant
at Lake Charles, Louisiana, on 21 Aucust 1972 in Drum No. H-108. The
latter container is made of 304L corrosion resistant steel [4-24]. Sub-
sequent transfers were accomplished by pressurization with dry nitrogen
to small 321 stainless steel containers which are more convenient to
handle in the laboratory. In all such operations, care was taken to pre-
vent exposure of the hydrazine to air. An assay of the material is shown
in Table 4-12.

In addition to testing with neat hydrazine, it was felt that
the predictive method might be better demonstrated bty "doping" the pnro-
pellant with chloride ion. Presence of the latter is known to accelerate
corrosion of titanium [e.g., 4-2, 4-16 and 4-23]. The selection of the
amount of chloride to be added (nominally, 5, 25, and 50 ppm by weight)
was derived by considering its typical concentration in as-supplied
hydrazine (less than 5 ppm) [4-15 and 4-25], the anticipated maximum listed
in the proposed Mii1 Spec (5 ppm) [4-17], and the amount found from residual
Freon TF (~100 ppm) resulting from typical capsule cleaning operations [4-22].
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TABLE 4-12
AMALYSIS OF HYDRAZINF, DRUM NO. H-108

Component Spec. Limits Assay Value Analytical Method
Hydrazine, wt. ¥ 93,0 (min.) 98.13 Chloramine T
Water, wt. % 1.5 (max.) 0.5 Gas Chromatoaraphy
Titanium, ppm None 0 Modified atomic
Aluminum, ppm Mone 0 Absorption Spectroscopy
Vanadium, ppm Mone 0 " "
Iron, pom None* 1.3 : "
Chromium, ppm None .065 " "
Manganese, ppm None .004 " "
Nickel, ppm None .161 " "
Chloride, ppm None* <1 Turtidimetry

*A suppiemerital data sheet to MIL-P-26536C, dated 15 June 1972, suggests
that specification iimits for iron and chloride should be 20 and 5 ppm,

respectively. In addition, the supplement suggests that the limits for

the weight percents of hydrazine and water be set tec 98.5 (min.) and

0.5 (max.), respectively.

Test Geometry - No restraints were placed on the test aeometry
other than that the capsule openina must be large enough to admit the
specimen, cross section, 0.5 cm x 0.14 cm (nominal), and the inside
diameter must be such that introduction of approximately 4 cm3 of hvdrazine
would result in complete immersion of the sample. To avoid a continual
loss of hydrazine during the course of the experiment, it was reauired
that the capsule bhe seaied.

Container Desian - Consideration of the various requirements
placed upon the exposure capsule or container resulted in the seleciion
of commercially available 13 x 100 mm Kimax (chemically eauivalent to
Pyrex) bioloaical culture tubes. These have an internal volume of
3 and are fitted with screw caps containing a Teflon insert.

NG cm
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The tubes were checked for the integrity uf their car seal by immersing
them in 16C°F water and observing vhether any air bubbles escapad. Those
which released bubbles were discarded: the remainder were cleaned per the
JPL specifications (for qlass) in Reference "-21. The caps were carefully
swahbed out with 1intless tissue moistened with isopropyl alcohol. To
assure positive identification, serial numbers were placed on the etched

D -

surface provided on the qlass and were inscribed on the cap witl an awl.

Ly

. One of these exposure capsules, together with a 1.9 cm lorq titanium .
§ snecimen, 1s shown in Fiqure %4-17.

L

” Nine-holed fir blocks were prepared to support the tubes while ..
i. in the ovens (Figure 4-18€). The hole depth was such that the hvdrazire

1iquid level was not visible. Although it was recoonized that th.s con-

fiauration retards the rate at which the samples initially reach the eauilib-

rium exposure temperature (the time differential is considered insignit-

icant except for very short exposures), it was “elt that this was offset 2 -
by the inherent safety aspects offered by a solid block in the event of a

capsule rupt.-a. The "9-pack" was designed for fhe convenience of the

overall experiment, wherein each withdrawal aroun was made up of eight

metz11ic specimens and a blank.
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Instrumentation - No internal instrumentation was employved in
these tests. A1l data, with the exception of the exposure temperature,
was cnllected through pre and post-test activity. Provision was made
for continuous monitoring cf the exposure temperature by means of a suit-
able thermocouple - recorder combination. The ovens utilized proved to
be so stable, however, (see below) that sampling fraquency was reduced i
to twice daily. '

;ﬁ“‘
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Test Conditions - There are four distinct test conditions
which were required te be established for this set oi experiment, viz,
time, temperature, metal surface to propellant volume ratic and chloride )
dopant level. The values selected for each of these parameters will be !
discussed in turn.
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FIGURE 4-17:

FIGIRE 4-18:

EXPOSURE CAPSULE AND 6A1-4V TITANIUM SPECIMEN

PO "i._-'

ARRAY OF CAPSULES IN THE WOODEN EXPOSURE BLOCK
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(1)

(2)

Time - Contractual time limitations at the outset of this phase

of the program limited the maximum exposure time to approximately

60 days. In the interest of spacing the data evenly on a loo time

scale, this period was broken into 5 withdrawal times, nominally

3.75, 7.50, 15, 30 and 60 days. To obtain the maximum expos:..e

time, the 50 day specimens were prepared first; the 7.50 day,

15 day and 30 day speciwens were then prepared as a group. Because

the 3.75 day exposure could be run at almost any time during the

test program, and because there vas a definite uncertainty as te “
the reactivity of the system, it was decided to delay preparation

¢f this set until results were obtained from the 7.5 and 15 day .o
exposures. As it turned out, the latter indicated such a low rate

of reactivity that a shorter exposure would have proved meaningless;
accordingly, the number of withdrawais wos reduced to four.

Temperature - Two exposure temperatures were selected, 316.5°K 2 -
(110°F) and 344.3°K (16N0°F). There are a number of theoretical
and operational reasons for this selection:

(a) They are temperatures of interest in propulsion systems for
long-lived spacecraft; as such they are currently being
employed by JPL in long-term compatibility tests being con-
ducted on metallic and non-metallic materials ir hydrazine
[4-13 and 4-1€]; their use will permit comparisons of
predictions based on this study with real time resuits
from the JPL program.

(b) They are sufficiently séparated that a rate dependence on T
temperature should be discernible if any exists.

(c) They are operationally convenient in terms of oven control
(sufficiently removed from room temperature) and hydrazine
vapor pressure (impcrtant in a glass system).
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(3) Surface to Volume Ratio - As stated earlier, under Specimen
Coupons, the nominal surface to volume ratio was set at 0.5 cm
to match the exposure condition of the JPL slugs.

1

(4) Chloride Dopant Level - This was also covered previously (under
Test Fluid). The values selected (5, 25, and 50 ppm) cover the
approximate range (up to 60 ppm) and were opera*ionally convenient
in that only a sinjle standard chloride solution was required.

In Tine with the attempt to demonstrate a simple, modestly-priced procedure,
it was decided to run single samples at a larger number of conditions rather
than replicates. The combination of two temperatures, four dopant levels
and five withdrawal times yielded a total of 40 samples.

Test Setup - The experimental concept for this series of tests is
so simple that a description of the "test setup" is superfluous. A1l required
details are contained either in the description of the specimen and container
(above) or the test procedure (below).

Test Procedure - The procedure followed was straightforward. The
specimens and capules were cleaned and passivated, as described previously.
The capsules were then weighed on a Mettler balance (certified accuracy of
+ 0.25 mg). Those which were to contain chloride were prepared by pipetting
in the appropriate amount of a standard chloride solution and carefully
evaporating to dryness. The metallic specimens (which had been kept in a
desiccator following cleaning and passivation) were then weighed and placed
in the capsules. The latter were pre-flushed with dry nitrogen to remove
air. A final flush was accomplished within a small plastic bag, and all
subsequent filling operations were conducted in an inert atmosphere provided
by the continuous flow of pure, dry nitrogen through a specially designed
plastic enclosure (Figure 4-19). A1l manipulations within this enclosure
were conducted by working at its periphery and grasping the various items
through the polyethylene film. The hydrazine supply tank (approximately
5 liters) was pressurized to about 2 x 105 N/m2 (30 psig) with dry nitrogen
and the propellant delivered directly to the capsule via a previously flushed
321 CRES 1ine. This addition was not cuantitative, but merely to a pre-
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marked 1ine which estimated the 4 cm3 Tevel selected. The caps were screwed
down securely and the capsules were removed from the inert atr 2spi2re and
weighed. This provided (by difference from previous weighings of capsules
and specimens) an exact determination of the amount of hydrazine charged to
each capsule.

The capsules were then sorted into the appropriate "9-pack" and
placed in the designated environment (316.5°K or 344.3°K). This environ-
ment was provided by Blue M mechanical convection ovens (Figure 4-20) which
employ what is termed proportional control. This results in very stable
temperatures: over the time of exposure the measured temperature never
varied more than *2°K (approximately +3.5°F),

At the appropriate times the capsules were withdrawn from the
ovens, allowed to cool to room temperature and weiaghed (to determine hydra-
zine loss, if any). The capsules were then placed in the plastic enclosure
and the volume continuously purged with dry nitrogen as before. After a
suitable flushing period, the capsules were opened and the metallic speci-
mens were removed, blotted gently with absorbent tissue, and allowed to sit
overnight in the nitrogen atmosphere to "dry". The caps were replaced on
the capsules and the latter sent to the laboratory for analysis. After
overnight "drying" the metallic specimens were placed in a desiccator for
24 hours, then weighed and sealed into individual pre-prepared plastic bags
for storage until they could be inspected microscopically.

4.4.4 Correlation of Metal Ruildup to Propellant-Material Reaction

The hydrazine was analyzed for metal content by means of an atomic
atsorpticn spectrometer. modified to enhance its sensitivity by the addition
of a graphite furnace sample introduction system. The results are presented
in Table 4-13; they clearly demonstrate that under the conditions of this
expei iment, the propellant-material reaction is negligible. PBased on these
data, it may be confidently predicted that hydrazine with impurity levels
equal to or less than those reported in Table 4-12 may be stored in 6A1-4V
titanium for periods up to ten years with no detrimental effects. In
addition, chloride ion concentrations up to 50 ppm (a factor of 10 greater
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than the proposed specification limit) have no apparent effect on the
6A1-4\ titanium-hydrazine system. It is important to note that these
chloride concentrations were achieved by the addition of a salt, sodium
chloride. These results, combined with those reported by Tolbert, et al,
[4-23] suogest that it is not the chloride ion as such which is responsible
for the corresion of the titanium alloy, but rather an "active" or acidic
chloride which forms the fully-ionized hydrazinium chloride. The relative
roles of these two ions in the subseauent attack on 6A1-4V titanium is
unknown: whether the pi2sence of chloride ion is required in order for

the hydrazinium ion to exhibtit corrosive behavior is a subject which re-
quires further elucidation. Cne thing is eminently clear: if the proposed
specification 1imit (5 ppm) is to quard against corrosive behavior, then
the analvtical method used must be able to distinquish between "active" and
"inactive" chloride. As demonstrated by this work, concentrations up to 50
ppm of the latter have no effect on the system. Unless this critical dif-
ference is recognized, a total chloride determination of hydrazine lots
containina this species could result in unnecessary rejection. Work by TRW
[4-28] indicates that the various chlorides formed are sufficiently soluble
in hydrazine that they should pose no problems of precipitation and sub-
sequent flow decay.

Two additional pieces of information were obtained during the
course of these experiments. The metal coupons were weiched and micro-
scopically (to 30X) examined before and after exposure. The results of this
scrutiny are in full aareement with those obtained on the liquid: no weight
changes were observed (all fluctuations were within the certified accuracy
of the balance, £0.25 mg) and the specimens appeared optically identical
in pre-post examinations.

A comment or two may be in order concerning some of the numerical
entries which appear in Table 4-13. Iron was randomly encountered in con-
centrations up to 0.5 ppm. These were considered to be perturbations around
the average blank value of 1.3 ppm; individual results ranged from 1.0 to
1.8 ppm. The value reported for aluminum after 7.9 days at 160°F was cor-
sidered to be spurious. Contamination is suspected; its source is unknown.
It should be noted that under the conditions of the analysis, the detection
1imit for titanium (the most difficult to detect of those sought) was 0.025

ppm.
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4.5 THE 304L CRES/HYDRAZINE SYSTEM
4.5.1 System Definition and Application

The rationale for the use of hydrazine in long-life spa:ecraft
application has been adequately discussed in Section 4.4.1 and need not
be reiterated here. The propellant has been selected for use, but the
choice of materials for its containment (whether quiescent or flowing)

has not yet been finalized.

One of the more promising corrosion resistant steel (CRES)
alloys for hydrazine tankage is desianated 304L. This material has the
following nominal composition: 64.8% iron, 0.03% carbon (max.), 2.0%
manganese, 0.05% phosphorus, 0.03% sulfur, 1.0% silicon, 20.0% chromium,
and 12.0% nickel. The L desianation refers to the low carbon content;
304 CRES is specified to have a maximum carbon content of 0.08%. It has
been shown that reduction of caibon content results in an increased
resistance to intergranular corrosion [4-16].

The 304L CRES/hydrazine system has been given at least a
provisional compatibility rating. Coulbert and Yankura [4-16] state that
the alloy, when immersed in propellant grade hydrazine, exhibits much less
than 1 mil/yr. surface erosion. This, together with the fact that
it did not promote propellant decomposition or render it impact sensitive
resulted in the Defense Metals Information Center assigning 304 CRES a
Class 1 (excellent) rating up to 140°F [4-27]. Uney and Fester [4-2],
despite the fact that their ratings are based on "non-contaminated
hydrazine, i.e., Clz or CO2 contaminants", give the 304 CRES/hydrazine
system a rating of "probable compatibility for short term use (less than
six months)" and "doubtful compatibility" for longer periods. No temp-
erature limitations are specified. Lona and Bjorklund [4-13] give 304L
an "acceptable" ratina for TOPS with a "restricted" qualifier. The
latter indicates a temperature Timitation, as well as incompiete data.
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The 304L CRES/hydrazine system seemed an excellent choice for
this study for a number of reasons, some of which are implied in the
discussion above. Specifically, they may be enumerated as follows: (1)
304L is probably the most promisina CRES for long-1ife hydrazine systems;
(2) the published uncertainties regarding its long term and/or high
temperature problems have never been satisfactorily resolved; (3) current
consensus, based on such experimental results as those of TRW [4-28] and
Rocket Research [4-29], is that the corrosion rate in this system is a
function of its carbon dioxide content; and (4) systematic studies of the
corrosion rate in this system as a function of carbon dioxide content
would both elucidate the system itself and afford a better opportunity
(because of hiaher rates) for verification of the prediction method.

4.5.2 Preliminary Exposure Test

Because of the extensive data which has been generated on this
system, some of which has been cited above, there was no necessity to
conduct this step and it was bypassed.

4.5.3 Determination of the Rate of Metal Buildup in the 304L
CRES/Hydrazine System

4,5.3.1 Selection of the Measurement Technique

Reference to the logic diagram (Figure 2-4) indicates that the
method of choice for 304L CRES is the radioactive iracer technique (both
iron and chromium furnish suitable, long-lived radiotracers). Due to a
number of operational considerations, however, as well as a desire to
develop data directly comparabtle to that beina generated by JPL, it was
decided to utilize the modified atomic absorption spectroscopy technique
for this series of experiments. Specific operational considerations

included: (1) 304L CRES foil could not be made available within the required

time period; (2) the 304L CRES sheet furnished by JPL (out of the same
material log as their long-term compatibility specimens) was of such a
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heavy gauge tiat activation of specimens fabricated therefrom would have
resulted in an inconveniently high radiation level; this would have re-
quired the establishment of a series of special procedures; and (3) it was
more cost effective to conduct the 304L/hydrazine studies side-by-side with
the 6A1-4V titanium/hydrazine studies discussed in Section 4.4. Neither
manpower nor funds were available to conduct separate efforts.

4.5.3.2 Selection of the Test Apparatus and Configuration

A11 considerations for the 304L CRES/hydrazine system are identical
to those discussed in Section 4.4.3.2 for the 6A1-4V titanium/hydrazine system;
the minimal requirements of the test were satisfied, as before, by use of
Kimax glass biological culture tubes.

4,5.3.3 The Detailed Immersion Test

Specimen Coupons - As mentioned above, the 304L CRES utilized in
this set of experiments was furnished by JPL, having been selected from the
identical material lot as that used for the latter's long-term compatibility
testing. It was produced by the Earle M. Jorgensen Company, under Federal
Specification QQ-S-766C, covering type 304 low carbon, finished sheet. The
material, identified as heat number M-33766, was in the form of 16 gauge
(0.0625 in., 1.6 mm) sheet and was accompanied by the certified [4-30] analy-
sis shown in Table 4-14,

TABLE 4-14
CHEMICAL COMPOSITION OF 304L CRES SPECIMENS

Carbon 0.02% Nickel 10.80%
Manganese 1.50% Chromium 18.70%
Phosphorus 0.021% Copper 0.07%
Sulfur - 0.010% Mo1ybdenum 0.04%
Silicon 0.59% [ron 68.24% (by
difference)
113
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A11 statements made in Section 4.4.3.3 concernina the configura- .
tion and preparation of the 6A1-4V titanium specimens hold equally well .-
for the 304L specimens (realizing, of course, that there are differences ,j
in the cleaning and passivation of the two alloys, as detailed in References -~
4-20 and 4-21). g ‘
: Test Fluid - Here again, the statements made in Section 4.4.3.3 "i
concerning thr. hydrazine utilized in that series of tests also apply here. A
In order to establish the baseline concentrations of the various constitu- 3 ~
ents, an assay was performed per MIL-P-26536C, supplemented by trace J
s element analysis using the modified atomic absorption technique. The o N
) ‘ results were recorded in Table 4-12. ,)
;% As in the case of the chloride added to the 6A1~4V titanium/ "}

. hydrazine system, the 304L CRES/hydrazine system was "doped" with an -
impurity known to accelerate corrosion; i.e., carbon dioxide. The . -
experimental work which demonstrated this effect has been referenced ,)

z above. Based on conversation with JPL [4-31], the range of interest

4 ;; was established to be between 5 and 100 ppm carbon dioxide (v5-10 ppm )
) f cited as a typical "as supplied" level and up to ~100 ppm for samples
i g which had been exposed to air a number of times with no particular )
1ot precaution taken to protect them). An assumption was made that the
| stock hydrazine contained 5 ppm COZ’ and "standard" solutions of ' )
CO2 in hydrazine were prepared at nominal* levels of 15, 55 and 95 ppr -~

to yield (assumed) nominal totals of 20, 60 and 100 ppm. These solu- -
tions were prepared by placing neat hydrazine i» specially cleaned
septum-equipped bottles and adding the appropriate amounts of gaseous
carbon dioxide with a hypodermic needle and precision micro-syringe.
The gaseous carbon dioxide was prepared by placing excess "dry ice"
in a similar septum-equipped bottle (Figure 4-21) and, with the
stopper loosened, allowing the material to sublime and displace

. e Ll o
W i

: *The actual amounts of carbon dioxide added to these "standard" solutions
I were 13.5, 4= 4 and 85.6 ppm.
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? the air. As the last trace of solid disappeared, the septum stopper
was firmly inserted and the bottle allowed to stand until it was assured
that the contents were at room temperature. The last two operations
(stopper insertion and warming of the gaseous carbon dioxide) undoubtedly )
| raised the gas pressure within the bottle ( ~ 35 cm3 volume) slightly
;i . above atmospheric. Approximate calculations indicated that there was
|

b

Mssebe
S

v

i, a negligible effect on the amounts of carbon dioxide withdrawn. .

3 The situation with respect to the carbon dioxide concentration
) in as-received hydrazine requires some discu<sion, as does its variation
%‘ - with time (increase due to exposure to the atmosphere, decrease due to

i ] { various possible reactions). Uncertainties concerninc those concentra-

d tionsare compourded by the fact that there {s apparently no clear cut,
straightforward analysis available for the determination of carbon dioxide
in hydrazine. This last point will be discussed first; we will then
return to the question of CO2 concentration as a function of time.
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FIGURE 4-21: EQUIPMENT FOR THE PREPARATION OF COZ - DOPED HYDRAZINE
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There are currently extant at least four different methods for
the determination of carbon dioxide in hydrazine. It is beyond the scope
of this report to outline them in detail or to comment on them extensively.
A thumbnail description and commentary is presented here only to indicate
the extent of the prcblem.

(1) Dielectric Constant - This method, proposed by Aerojet [4-32],
is based upon the premise that the presence of small aquantities of ion-

producing impurities (such as 602) cause a marked increase in dielectric
constant. Measurements made with a chemical oscillometer at 5 MHz ind-

cated that a workable relationship between CO2 content and dielectric con-
stant did, indeed, exist. As pointed out by Axworthy, et al [4-351, however,
the actual dielectric constant of hydrazine is not changed by the addition
of small amounts of impurities; there is an apparent change, though, due to
a change in conductivity. Attempts wcre made during the course of these
studies to make meaninaful resistance/capacitance measurements of 002 -

doped hycdrazine employing an impedance hridge. The observations of Axworthy
were confirmed: the capacitance of the irpedance cell (dielectric constant)
was insensitive to CO2 content but the resistance of the cell (conductivity)
was significantly altered by as little as 15 ppm CO2 added, A useful
interpretation of the results proved elusive, however, due tc the complex
(and largely unknown) chemistry of the system as well as a lack of
information concerning the relationship between the measurements and the
impurities other than 002 such as HZO and anaiine, all of which contribute
to the conductivity. The method is considered unreliable until furtker
elucidation of the fundamental relationships is obtained.

(2) Sulfamic Acid/Gas Chromatoaraphy - This method, developed by
Vanqo at JPL [4-337, involves the addition of hydrazine to an excess of
sulfamic acid. This liberates the carbon dioxide, which is swept from
the solution by helium gas, passed throuah concentrated sulfuric acid (to
absorb entrained water) and trapped on alass beads at liquid nitronen
temperature. This isolated material is then analyzed by means of a suit-
able gas chromatographic prccedure.
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, The method is classical and straightforward, although some-
what time consuming. There is no question but that it determines the CO?
content of the hydrazine. The difficulty in application arises from the
) fact that it liberates all the carbon dioxide contained in the hydrazine.
t As discussed below, this is only a portion of the information required
to assure behavior compatible with long-1ife operation.

-
.

o,
i (3) Dual Column Chromatography - This 3 the method utilized by
{ Christopher and Brown in conducting their survey of typical hydrazine .
) contamination [4-15]. Samples are introduced to the gas chromatograph
N, with no preireatment. Elution times nd peak heights are first obtained
:, ' using assayed hydrazine. Standards are then prepared by adding weighed
{ .- amounts of each impurity to weighed hydrazine samples and then extrapola-
. { ting the results to determine the original amounts of these constituents
! (e.g9., C02) in the hydrazine by calculating peak height ratios.
(_ This method is subject to question for a number of reascns: *-
(1) as mentioned previously, tne basic chemistry involved ir this system
{:f: is largely unknown. The multitude of reactions which could be occurring
. in 110°C columns packed with a variety of materials cannot be expected tn
‘~} simplify this chemistry. To assume that the CO2 is 1iberated quantitative-
ly seems optimistic; (2) the ability to separate the ammoria and
iﬁ} the CO, peaks is difficult, at best. In a complex column at 110°C, with
- detector and inlet temperatures of 150°C, it is possible to obtain
(;T} sufficient ammonia to complateiy wmask the carbon dioxide; (3) there is
no reported attempt to verify results by running, e.g., an ultrapure :
] N hydrazine to demonstrate *he absence of a peak in a ch-free system; and ; t
. 1{:3 (4) the CO, results obtained in this study seem anomalously high. This % :
will be discussed below. % E

-

(4) Iron Diss~lution - This method is employed by Rocket Research

Corporation [4-34] in assaying incoming hydrazine. The procedure is
simnle: 1 gram of iron power is contacted with 20 m1 of hydrazine a.
25°C (77°F) for 30 minutes. The dissolved iron is then determined by

standard laboratory techniques.

-
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There are two attractive features to :his method: (1) it is
raoid: and (2) it measures the "reactive" carbon dioxide present; any
CO2 tied up in compounds will nct be detected. This latter poirt will
be discussed below; the fact that other corrosive contaminants (such as
hydrazinium chloride) may be lumped with 602 as a result of this analysis
is not necessarily detrimental. An operational limitatioun exists; however,
while it is relatively easv to determine whether or not a drum of hydra-
zine has a CO2 content at or near 200 ppm, the more typical levels (5-10
ppm) would yield such low iron concentrations that they would probably be
obscurred by the backaround or noise leve: of any analysis used.

The question "What is the CO2 content of as-received hydrazine,
and now does it vary with time?" is obviously not a simple one. The
chemistry which is qoing on at the ppm concentration levels is sianificant
in the planned applications of this system; its complexity is indicated
by the anaiytical problems and discrepancies which have arisen therefrom.
JPL, using Vanoo's method, reports that as-received hydrazine contains
5-19 ppm 002 and that the level can rise *3 the vicinity of 100 ppm if
no particular precautions are taken during the handlina of the material
(e.q., a drum used as a supply for various small reauirements over the
period of a year or so). Rocketdyne, utilizing a CO2 liberation/
chromatographic method somewhat similar to that cf Vango, reports ~.6C npm
C02 in RPL-purified hydrazine [4-35]. Aerojet indicates that tank car
hydrazine containes less than iC ppm C02, as measured by the dielectric
constant method. Rocket Research, employing the iron dissolution method
on 17 hydrazine samples, ieports iron concentrations equivalent to 10
ppm 602 or less [4-34]. By plotting average metal content vs CO2 dopant
level for the 60-day exposures in the current research (which amounts to
a lona-term, high temperature version of the Rocket Research iron dis-
solution method), the CO2 content of the Boeing hydrazine supply is
estimated to be less than 3 ppm.

The foregoiny results are in general agreement, and all fall
below the 100 ppm level. oun the other hand, the most recent investigation
is in sharp disaareement. United Aircraft Research Laboratories, employing
the dual column chromatographic method on 24 hydrazine samples cathered
from 12 users, reports [4-15] €0, levels from 0.1% to 0.€% (1000 to 6000
ppm). While no histories are available on the individual drums, it seems
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logical to assume that the exposure of their contents to air runs the full
gamut from complete exclusion to no protection whatsoever. Considering
this, the reported CO2 contents are surprisingly high.

This discrepancy suggests that further study may be required
prior to the assignment of a meaninaful specification 1imit. A consensus
must be obtained not only on the analytical method for deterrination of
carbon dioxide, but also on the realtionship between the 602 content
and the onset of detrimental effects to the system. It is a conclusion
of this program that the carbon dioxide dissolved in hydrazine exists in
two states, labile and non-labile (i.e. reactive and non-reactive). In
the former case, it is in the form of fully ionized hydrazinium carbazate,
and capable of removinc metal atoms from the container walls by chemical
reaction with the formation of a metal carbazate salt. This reaction is
analoaous to the action of a strong mineral acid on a metal with the
subsequent formation of the metal salt. A logical conclusion is that
old hydrazine (assuming no further exposure to the atmosphere) should be
less corrosive than new, all the labile carbazate havino reacted in the
process. If the original CO2 content is sufficientiy high, it is possible
that these reaction products, althouah non-corrosive, could agglomerate
and give rise to another problem: flow decay.

Thus it would appear that two different COZ determinations
should be performed on each drum (or tank car). One would analyze for
total carbon dioxide, which would be a measure of flow decay potential;
the other would determine the labile or active carton dioxide, which
would be a measure of corrosion potential. Of the four methods currently
in use, only the iron dissolution method of Rocket Research appears suit-
able for determination of the laQile CO2 and its sensitivity at low CO2
contents has already been discussed. Further work on analytical methods
is clearly indicated. Although Rocketdyne reported on inability to
reduce the carbazic acid content of hydrazine below 0.02% treatment with
barium oxide [4-35], the concept of chemical pretreatment, followed by
filtration throuah molecular sieves [4-36] appears to be an attractive
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method for assurance of hydrazine propulsion system stability and long
1ife. Other methods for the refinement of hydrazine have also been
studied by JPL [4-13].

Test Geometry - A1l ccnsiderations and decisions inade with
regard to this parameter, as well as the subsequent items of container
design, instrumentation, test conditions, test setup, test procedure
and post-test measurements, are jdentical tu those discussed for the
6A1-4V titanium system (Section 4.4.3) with the following exceptions
(a1 related to the difference in dopant material):

(1) The dopant used in the 304L CRES/hydrazine series of
tests was carbon dioxide, added (as described previously) to yield
nominal levels of 20, 60, and 100 ppm.

(2) Rather than adding the dopant and the hydrazine to the

test capsule separately, stock solutions of the hydrazine with dopant
(COZ) were made up under an inert atmosphere jin the special plastic en-
closure described previously. Aliquots (four cm3) of these solutions

were then transferred to the appropriate capsnles (which had been weighed

and equipped with weighed 304L CRES coupons) by means of bulo syringes
which had received the same special cleaning as the septum bottles con-
taining the stock solutions (essentially an abbreviated version of the
JPL standard procedure [4-21]). The entire capsule assembly is then
weighed and the exact amount of hydrazine determined by difference.

(3) The post-test atomic absorption analyses were complicated
by the fact that a precipitate developed in those capsules which contained

Coz-doped hydrazine., Following removal of the 304L CRES coupons, the
capsules were centrifuged and the hydrazine drawn off (with specially

cleaned bulb syringes, a new one for each sample) for analysis, as before.
The precipitate was then dried (by careful evaporation) and dissolved in

hydrocnloric acid. The resulting solution was evaporated, the residue

again taken up in HC1, re-evaporated and finally dissolved in a measured
amount of distilled, deionized water. Aliguots were drawn from the latter

for atomic absorption anaiysis.
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. 4.5.4 Correlation of Metal Buildup to Propellant-Material Reactions
i» A compilaticn of the atomic absorption spectroscopy test results

i . is presernted in Taktle 4-15. Net increase in metals are reported in all
cases, and, where a precipitate was formed, analyses were conducted on
both phases (as discussed previously) and total increase in metal contents
reported. There was essentially no chanoe in the level of metals found
in the klanks throuahout the course of the expariment. A£As a result, .

i the average of all of these results was used in establishina the hlank
correction to be applied to the individual analyses. The availability
A of a laraer population allowed a limited statistical trecatment; the
4 s derived results were as follows: chrorium: 65 * 15 ppk; iron: 1318 =
- 216 ppb; manaanese: 4 + 1 ppb; rickel: 161 * 43 ppb. It should te noted

! ( A that these standard deviation- (which are considered to arise from errors
' in the analysis - see Section 3.3) averace approximately 23% of the mean o -
value. This, toget ier with uncertainties in the true surface area of
the individual specinens, as well as the thickness of their passivation
layers, cculd easily result in a total error of 50% in the reported results.

§ -y

¢ -‘!'

N

- ta

A raview of the data in Tahle 4-15 reveals a number of
anomalies, e.a., unexpected reversals as a function of time and terpera-
ture. Considerina the fact that each value reported in the matrix
represents a sinale specimen, however, and is subject to errors of the
maanitude described above, it is felt that the results are ju.te well-
behaved. Combining them with other experimental observations allowed

the followina conclusions to be drawn:

(1) The kinetics of the corrosion process are very weak
functions of the temperature, if at all, within the

s — OV

ranae studied.

"t
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(2) The undoped hydrazine (estimated to have less than
3 ppm CO, by extrapolation of the data from these tests)
exhibits complete compatibility with 304L CRES under
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the conditions of this test. There is essentially

a zero metal buildup; no precipitate formed in any
capsule containinc urdoped hydrazine. These results
allow confident prediction that hydrazine with impurity
levels cgual to or less than those found in Drum No.
H-108 can be stored in 304L CRES containers at tempera-
tures helr 134°F for periods up to ten vears with no
de’eterious effect.

(3) The buildin of metal in the doped hydrazire (including
that in the precipitate) is roughly linear for the first
3N davs of exposure, and was essentially unaffected by
variations in an content between 13.5 and 86.6 ppm.

(4) After 30 days, the rate of metal tuildup is greatly
accelerated and is a strona function of the CO2 content.

Conclusions (3) and (4) stronaly suagest that the corrosion of
304L CRES in these solutions is nseudo-zero order for the first 30 days
and first order with respect to C02 beyond that time. A possible explana-
tion for such behavior is related to the slow dissolution of the metal
oxide laver (formed by the passivation process) by the carbazic acid
(or, more exactly named, hydrazinium carbazate) which resuits from the
reaction between CO2 and hydrazine. One example of such a mechanism is:

’

(1) NoH, + €O, = H (c02N2H3) (rapid)

1 3 .
(2) §M203(S)43H(C02N2H3) = M(C02N2H3)3-§H20(S) (rapid) | zero-
: order .

(3) M(CO N Hy)-3H,0(S) + NH, +solution (s1ow)

y
to be foliowed by
- 3 .
(4) 3H(C02N2H3) + M= M(C02N2H3)3+§H2 } first-
order
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The zero-order reaction is predicted to be independent of the CO2
concentration because the rate is controlled by the slow step, (3). The
rate of the Tatter should be a function of the exposed surface and the
volume of the oxide coat. It should be empnasized that no actual data have
been gathered to verify the foregoing sequence; it is purely hypothetical
and meant to represent only a possible type of mechanism. Thz general
validity of the hypothesis is strengthened, however, by means of cal-
culations hased on some assumptions concerning specimen surface roughness
and the thickness o’ the oxide layer. Uhlig and Lord [4-37] have studied
the properties of an oxide layer formed on 18-8 stainless steel as a
result of surface treatment ("pickling", or passivation) by various
acids. They report an oxide thickness of 17 3 and surface roughness
factors (true area/apparent area) that are as high as 4.1, depending upon
the passivation treatment. Accepting the 17 R thickness and selecting
a surface roughness factor of 4 as being representative of the results
of passivating the hand-lapped specimens utilized in these experiments,
allows the calculation of the amount of iron which would be contained in

the oxide layer.

The average specimen has dimensions of 0.14 X 0.5 X 1.9 cm.
This yields an apparent surface area of 2.57 cm2. Applying the surface
roughness factor of 4 yields a "true" surface area of 10.28 cm™.

Muitiplication of this area by the 17 X 10'8 cm thickness gives an oxide

volume of 1.75 X 10'6cm3.

Assuming that both Fe203 and Cr203 are represented by a model
compound of molecular weight 160 and density of 5.24 grams/cm3, the volume
occupied by a metal atom in the oxide layer can be calculated as

*
»

cm3

160 grams x ] en’ x 1mole g x 1 molecule  _ 2.53x10°23
mole 5.24 grams 6.02 x 107" molecules 2 metal atoms metal atom

Combination of these results with the percent iron in 304L CRES
yields:

3 1 metal atom .6825 iron atoms -6 .
X X = 4.36x107° grams iron
2 53x10”Sen’ T metal atom

1.75 x 1078 em
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The averaoce volume of hydrazine in a test capsule is 3.75 cm3;

; assumina a8 hydrazine density of 1 n/cm3, the iron content in the oxide
layer, when fully dissolved, would have a concentration of 4.36x10'6/3.75

i = 1.16 parts per million. This is to be compared with the averaoe (since )

it ic assumed there is no temperature dependence) iron content of 1.13

parts per million. The aareement is excellent, and while surface rouahness

factors from 1 to 6 and oxide thicknesses as hiah as 100 R have been -

, reported [4-38], the foreaoing calculations strongly support the feasibility ~

{ of the mechanism. The theory then predicts that the concentraticn of iron
during the first 30 days follows the relationship:

-t

e, -

. _ _ _ -1
; ‘ Feppm = .0387 tdays (apparent S/V = 0.69 cm ')
) . . .
(-f The theoretical line, toaether with the experimental points, is
- presented in Ficure 4-22. It should be noted that lines for the other
- (:T\ metals could be derived in the same manner. In general, they would be =
1 ' found to be relatel to the iron results, since, in both solution and
# . % (:j precipitate, the percentages oY the metals determined were in close
( - agqreement with those in the original alloy.
i j (;? Examination of the 60-day data indicates it is best fit bv con-
vl siderino the reaction to be temperature-independent, first-order with
;‘, § ,{:%1 respect to 002 and possessina a half-life of 16 days. This corresponds
f % to the relationship:
¢ O -4 [cn,] = (0.0433/day)[C0, . ] :
B at Y2 : YILY%2 ppm )
. £
é ‘iﬁ} or logarithmically: §
5
5 [co - 4,05]
y n Igoppmdnit' 1 = (0.0433/day) .t,
- ) 2 ppm,t=t,

Where t2 is the number of days elapsed after 30 (i.e., following dissolution
of the oxide coat) and 4.05 is the amount of C0, which is depleted in removina
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v {
i - ' -.04 ‘
| Tron, o = 1.6 + [0.29] [co, o\ o' a.05] [1- 0433ty ]
| t, = t - 30; t>30 days } ‘_
| ;
| | il Y
|
15 \'“
3
| Experimental Data & -
: A 85.6 ppm €O, ' 3 A
| 4
h 1 O 49.4 ppm C02
k O 13.5 ppm CO, '}
10 T 1
Temperature Range }
. 316.5°K - 344.3%
& (110°F - 160°F) |
] 'j
c } P
< ;
=
5 i
| J
Iron ppm = 0.0387 tdays , j ";
¥
1
| i
: 2 ,—48"1
0 / l D :
0 10 20 30 40 50 60
Time - Days .
s —————  Zero Order —]' First Order 0
L FIGURE 4-22: COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL BUILDUP OF ,
! IRON IN THE 304L CRES/HYDRAZINE SYSTEM (S/V = 0.69 cm") n
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N the oxide coat. It is assumed that three moles of CO2 combine with each
.- gram-atom of metal, e.g.,
{
Fezo3 + 6H(C02N2H3) = 2Fe(c02N2H3)3 + 3H20

,uaﬁu..

By utilizing the ratios of combining molecular weights, the

. { percent iron in 304L CRES, and assuming the molecular weight of iron is

' . representative of the metal atoms in 304L, a relationshir between the ppm
CO2 reacted and ppm iron dissolved may be derived:

' 44.qg mole Fe 3 moles COZ g metal

ppm CO2 reacted = ol c02x %58 X ToTe Fe X “6825 Fe(ppm Fe dissolved)

ppm 002 reacted = 3.47 (ppm Fe dissolved)

This result can be used to derive a kinetic expression for the
rate of buildup of iron (other metals are proportional, as before) after the >~
initial 30-day period:

] ~kt
[0p1¢-t, = [C021¢ 20 (e 2)

-kt )
: ) 2
[COZJreacted to [C02]t2=0 - £c02]t2=0(9

time t2
but [C02] reacted to - 3.47 [Feppm] dissolved :
time t, i
Kty N
thus [Feppm]dissolved = (0.29)[C02]t2=0(1-e ) \

< et o T

and the total iron buildup is the sum of the zero-order (phase 1) and first- )
order (phase 2) equations:

b.0433t2

Fepon = 0-0387t) + (0.29)[(CO, ponit =0 - 40501

where: t has a maximum value of 30 days and t2 = t-30, where t> 30 days.
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The theoretical lines (one for each CO2 dopant level) are pre-
sented in Figure 4-22, together with the 60-day experimental measurements.
The agreement is satisfactory, considering that a data point represents a
single specimen, and variations in surface area and analytical errors can
readily account for the discrepancies between the theuretical and measured
results.

Pre-and post-test weighing and microscopic examination of the
metallic specimens yielded results very similar to those obtained with the
6A1-4V titanium. Weight changes were withir the uncertainty band (t 0.25
mg) of the balance. Viewing at 30X indicated nothing of interest bevend
very faint "water spots" on some of the specimens. No traces were found
of the precipitate observed in the capsules; it is apparently non-adherent
to the 304L.

As in almost any experiment, additional data would be beneficial.
These could consist of replicates of previous conditions; such results
would reduce the uncertainties due to the various errors, etc., mentioned
previously. It would be more "important", however, to conduct tests at
longer exposures in an attempt to verify the hypothesized leveling of the
metal concentration vs time curve as the C02 is depleted. Proof that the
COZ is not regenerated and thus limited in its corrosion potential could be
very reassuring. Finally, the composition and characteristics of the
precipitate (which appeared in every 304L CRES capsule which was charged
with C02-doped hydrazine) requires elucidation. It forms within 24 hours
of the initial exposure, is olive green when fresh (Figure 4-23) and
darkens to a yellowish-brown with age. It is somewhat more finely-ground
in the capsules exposed at the lower temperature; the amount seems somewhat
greater (visually) at the higher temperatures, but this may be due to the
greater "fluffiness" of the precipitate under these conditions. The amount
does not seem to change (visually) after the first few days. Nothing is
known about the makeup of these precipitates, other than that they contain
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metal ions in about the same ratios as in the original alloy.

The concern,

cf course, is whether they could achieve sufficient concentration to result

.i

this studv has yielded significant results.

1

NS

Vi

n flow decay.

Despite the lack of data pointed out in the previous paraaraph,
In addition to the conclusions
isted earlier in this section, the following statements may be made:

(1) The prediction method has been verified by use of sensitive .
techniques ir a simple, straightforward experiment.

(2) The work has resulted in the establishment of the first
quantitative relationships between corrosion rate and t
typical C02 content in the 304L CRES/hydrazine system.

A1l previous work used unreasonably high CO2 content in
attempting to accelerate the effects.

(3) In addition to the earlier conclusion that there was no
304L CRES corrosion in the absence of added CO, (in the
specific drum of hydrazine employed), it is also indicated
that CO2 levels less than 4 ppm can be tolerated, since
they would be insufficient to dissolve the entire pro-
tective oxide coat, if the apparent S/V is not less than
0.69 cm™'.

(4) The appearance of a precipitate in the 304L CRES/hydrazine
system doped with 13.5 to 85.6 ppm CO2 lends weicht to the
conclusion that "Cﬂz" may be present in two states, labile
and non-labile. This indicates that the upper 1imit to

allowable 602 content in the hydrazine may be much lower A

than previously thought.

DING PAGE BLANK NOT FILM.LD
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4.6 MONOMETHYLHYDRAZINE STUDIES

Because of a continuing interest in the use of monome.hyl-
hydrazine as a fuel in spacecraft propulsion systems, a Tinmited number
of 6A1-4V titanium and 304L CRES specimens weve exposed to this material
under temperature/time cunditions and surface-to-volume ratios which
were identical to those utilized in the hydrazine studies described in
Sections 4.4 and 4.5. Budget limitations restricted the study to a
minimum- or2 capsule was prepared for each metal at each temperature and
withdrawa period, a total of twenty in all. Only sixteen of these were
actually utilized; the shortest exposure (3.25 days) was cancelled because
the results of longer exposures indicated 1ittle or no corrosion was taking
place. In keepina with the extremely narrow scope of this effort, the
format of the previous two sections will not be followed; the test
description and results will be reported in narrative form.

The specimen confiauration, capsules, cleanira and passivation
procedures and pre and post-test observations anc analyses were identical
to those utilizer in the hydrazine work. Since no dcpant was used, the
MMY-exposed specimens are to be compared with those exposed to neat hydra-
zine.

The monomethylhydrazine was obtained from Boeing stock and met
the requirements of MI'.-P-27404. The results of the oriacinal assay were
not made available; no subsequent assay was accomplished. It was noted;
upon filling the capsules, that the MMH had a very faint yellowish tint
to it. The cause of this discoloiratinn 35 unknown.

The MMH-filled capsules were withdrawn and the metalilic speci-
mens removed, dried, desiccated and weighed in the same manner as their
hydrazine counterparts. Post-test weiahing revealed no fluctuations
outside of the certified accuracy of the balance (* 0.25 mg); microscopic
examination ot 30¥ indicated no detectable differences in appearance.

The results cf the atomic absorption spectrogravhic analyses are presented
in Table 4-16. The results of the 7.9-day exposure seem anomalously high;
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TABLE 4-16
*. MONOMETHYLHYDRAZ INE EXPOSURE SUMMARY
* EA1-4V Titanium
Exposure 316.5°K(110°F) 344.3°¢{160°F)
Time, -
Days Al v T Fe Al V Ti fe
- -
: 7.9 9 ' 37 | 150 | @ . 37 | 1300
, 15 p T + p | a3 T ¥ p
30 36 L | + # 63 1 + g
60 ) + + ) i g + + )

coandy,

i\ ) 8
304L CRES
{ Exposure 316.5°K (110°F) 344.3°K (160°F)
TIme, .
fv ( Days Cr Fe Mn Ni Cr Fe Mn Ni
3 7.9 275 | 975 | 26 ) 320 { 2700 | 8 |
15 @ p P 9 p ¢ 10 g
"o
(- 30 p | o | o | 2N o | 8| 8 | o
. (: 60 9 # 9 170 [ ./ g 272
. {3
b
% (} Note: A1l concentrations are in parts per billion by weight.
X Legend:
( g Sample - Blank <0
) ¢ Sample - Blank < Error
! + None detected

4
f
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this may be due to a lack of experience with monomethylhydrazine in AAS
analysis. There is no evidence of metal buildup as a function of either
time or temperature. The materials are apparently compatibie over the
range of test conditions. The skeletal amount of information permits
no further conclusions to be drawn.
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5.0 FEASIBILITY DEMONSTRATION OF THE USE OF ELECTRICAL IMPEDANCE
MEASUREMENTS TO DETERMINE THE EFFECT OF HYDRAZINE ON ALUMINUM
SURFACES

5.1 INTROOUCTION

Investigations on the reaction between aluminum and hydrazine
have produced discordant results. However, at least under some conditions,
hydrazine has caused corrosion of aluminum [4-2]. This corrosion is
dependent on the aluminum alloy, the hydrazine purity and the temperature.

In normal envircnments aluminum is covered by a protective oxide
layer. The solubility of this oxide in water is very low but is increased
in acidic or alkaline solutions. Tbe oxide is very hard to reduce. For
example, the free energy change, AF 298’ for the reaction 3N2H4 + 2A1203 =
3N2 + 6H20 + 4A1, is +321 Kcal [5-1]. With such a high positive free energy
change, the reduction by hydrazine is not feund.

The solubility of aluminum or aluminum oxide in hydrazine appears
to be very slight. However, when hydrazine was stored in 2014 aluminum, a
precipitate was observed containing aluminum and copper [5-2]. This dis-
solution and precipitation appears to be similar to corrosive reactions in
water where there is local solubility followed by precipitation of the
dissolved product.

Impedance measurements have been used to study changes in the
thickness due to the dissolution of the surface oxide on aluminum by
various aqueous solutions [5-3]. By this means the initial step in the
corrosion reaction is observed. Thus an effect on the aluminum (oxide;
surface can be observed long before visible corrosion can be noticed.

Impedance of surface oxide layers on metals are generally deter-
mined by making the metal one plate of a capacitor and a platinum electrode
in an aqueous salt solution the other plate. Concentrated salt solutions
are used to keep the resistance of the solution low to avoid loss in
accuracy in determining the oxide impedance. The impedance has also been
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determined by forming the second plate of the capacitor by evaporating metal
on top of the oxide [5-4].

It is not possible to determine the impedance of the oxide in
hydrazine using the liquid as a conducting medium since its resistance is
too high [5-5]. One might consider evaporating a metal layer on top of
the oxide. However, it would tend to protect the oxide or otherwise effect
the covrse of a corrosive reaction. For these reasons it has been decided
to measure the impedance of the oxide layer in aqueous solution before and
after exposure to hydrazine. Since aluminum will quickly oxidize in air
and water a decrease 1n oxide thickness can be observed only if the oxide
is first thickened anodically beyond its equilibrium thickness in contact
with the aqueous solution. The effect of the hydrazine on the surface
oxide can then be determined from the difference in the "before" and "after"
impedance measurements.

5.2 THEORETICAL BACKGROUND

The electrical impedance of an oxide layer has a capacitive and
a resistive or dissipative component. The thickness of the layer is obtained
from the capacitive component. The thickness, d. is giVen by,

>
-~
5

(5.1)

o
n

O
-+
=3

where: A is the area of the capacitor,
K is the dielectric constant,
r is the roughness factor,
and C is the capacitance.

The dielectric constant of thin surface oxides on aluminum is
larger than that of thick anodic layers where the value is about 9 [5-6].
The dielectric constant increases as the dissipation, or loss tangent,
increases.
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The relation between dielectric constant and loss tangent has
5' been given as [5-7].
) 7 %.tan 8
10
K=9( ) (5.2)
i v
‘ { where v is the measuring frequency and tan 6§ is the loss tangent or dissipation.
For typical loss angles, &, of about 4°, the dielectric constant
{ increases about 10% for a one degree increase in the loss angle. Thus, when
. we wish to find possible changes in oxide thickness due to hydrazine exposure
A ( we must take into account possible changes in 1oss angle as well as in
4 . capacitance.
i Although the roughness factor, r, is greater than one and depends

on the pre-treatment of the surface and on the particular alloy used, it would
not be expected to change due to hydrazine exposure before gross corrosion

; began.
q 3
t o In actual measurements using a platinum counter c¢lectrode and a .
‘ ; - conducting salt solution, the impedance includes that of the salt solution ;
] ﬂ (:»¥ and any layers on the platinum. Experimentally, the impedance of the plati- %_
"‘{ § . num surface can be neglected and the salt solution can be treated as a pure : B
). . 4:»@ resistance. Therefore, the equivalent series capacitance, (s’ obtainea
E
&

from the magnitude of the impedance, Z, and the phase anyle, 8, (8 = 90 - §)
by the relation,

&
ki
3
!

1/C, = 2" V1 sin g, (5.3)

is the capacitance of the surface oxide alone.

At low frequencies the impedance of the oxide on aluminum becomes
much larger than that of the solution so that the measured phase angle below
about 100 hertz for typical layers is due to the dissipation of the oxide
layer alone. In pract'ce, most samples have a high enough phase angle, 6,
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at 100 hertz so that sin 8 ~ 1 and the inverse capacitance is directly
proportional to the impedance. For samples which have similar roughness

factors and phasg angles, the impedance, Z, at 100 Hz can be used to compare
thicknesses.

The oxide layer cannot be treated as a simple homogeneous substance
between parallel plates of a capacitor, however. There is always a thin
“barrier layer" next to the metal. This is an impervious layer covering
the metal to a thickness dependent on either the temperature of oxidation
in air or to the effective anodization voltage in an aqueous solution. The

increase in thickness of the barrier layer on anodization is about 13 ang-
stroms per volt.

Above this layer is a more complex layer, porous, partially
hydrated and partially crystalline. It may be much thicker than the barrier
layer and is greatly variable depending on tha history of the surface
especially on any etching treatments. When samples are anodized in a solu-

tion such as neutral boric acid, the barrier layer thickens below the outer
layer which remains in place.

The impedance of the barrier layer may be treated as a homogeneous
medium between plates of a capacitor although its dissipation may vary across
the thickness. The impedance of the outer layer is quite variable. When
this layer is being formed during an aqueous solution treatment its imped-
ance is quite low since the solution penetrates to the barrier layer.
it may become less permeable due to hydration or due to reduction in the
wettability of the internal surfaces. Thus a freshly prepared sample may
have an impedance largely due to the barrier 1-_ar but this impedance often
increases on standing due to the increase of the outer layer. Drying at room

temperature or in an oven will give a higher impedance than that of a freshly
etched or anodized sample.

5.3 EXPERIMENTAL DEMONSTRATION

The experimental program adopted was to measure the electrical
impedance of the surface oxide on an aluminum sample in a salt solution,
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then to immerse the sample in hydrazine for a given period, and then
repeat the impedance measurement.

The cell used to measure impedance is shown in Figure 5-1. It
consisted of a plastic container containing a platinum counter electrode.
The sample was clamped onto an O-ring gasket over a hole in the container.
This container was connected by tubing with another vessel which was used
to fill the measuring container. A slight flow of solution occurs when
samples are being changed, which serves to keep air bubbles from forming
under the sample. The impedance of the platinum electrode was small enough
so that it did not make up an appreciable part of the impedance of the
cell. Periodic checks with a piece of platinized platinum in place of
the sample were used to assure the constancy of the cell impedance.

The diameter of the circle of 1iquid in contact with the aluminum
sample was 0.40 cm. A saturated sodium sulfate solution, (saturated with
aluminum oxide), was used as the electrolyte liquid. This solution has a
relatively low electrical resistance and does not react with the oxide
covered aluminum if the oxide is above a minimum thickness.

The impedance between the aluminum and the platinum was deter-
mined with a Hewlett-Packard Vector Impedance Meter, Model 4800A. High
accuracy was assured by recording the magnitude and the phase angle of
the impedance on a strip chart recorder and by calibrating the impedance
neter versus high quality capacitors and resistors. The impedance can be
measured between 5 hertz and 500 kilohertz.

The samples consisted of 3/4" x 2" sheets of either 99.99% pure
aluminum or 2219-T87 aluminum alloy.

Most samples were prepared by first dissolving the as-received
oxide in a sodium hydroxide solution followed by a dip in nitric acid.
A few samples were prepared by etching in a chromic acid or hydrofluoric-
nitric acid solution. After etching the samples were anodized to a small
voltage in a solution prepared by neutralizing with ammonium hydroxide.
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This anodization produced a uniform oxide Tayer slightly thicker than the
thinnest oxide stable ir water. Thus, if hydrazine caused a thinning of
this oxide it would be measurable; whereas a thinner film might reoxidize
in the measuring solution and return to its original thickness. Most of
the samples were dried in an oven to 130°C before impedance measurements

were made.

The samples were bound with pure aluminum wire in bundles of three
such that all the surfaces were exposed and then treated with military speci-
fication grade hydrazine in the cell shown in Figure 5-~2. It was designed
so that the samples may be placed in the cell and the volume flushed out
with nitrogen through the Teflon valves followed by hydrazine being forced

in under nitrogen pressure.

After removal from the hydrazine, the samples were rinsed quickly
and thoroughly with cold water to aveid any reaction in the hydrazine-water

mixture.

Impedance measurements were made on two areas of each sample before
hydrazine treatment and two adjacent areas afterwards. It was not possible
to place the O-ring hole on the identical spot a second time, so adjacent
areas were used to avoid placing the hole over the mark left by the O-ring.

5.4 EXPERIMENTAL RESULTS

The impedance measurements have been used to study changes in the
thickness of the oxide layer of aluminum in the presence of military grade
hydrazine. The impedance of such an oxide layer was largely capacitive.

For the geometry used here, the specific inverse capacitance,
A/Cs, was, from Eq. 5.3,

AIC, = 7.5 x 10"y Z sin @.
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where, v 1s the frequency in Hz
Z 1s the magnitude of the impedance in ohms
8 is the phase angle in degrees
and A/CS is given 1n angstroms.

At 100 hertz where the phase angle, 9, is close to 90°, the capaci-
tance was

= angstroms
A/cs 7.5 Z100 (k%io oﬁms)

When Kr «1 one gets from Eq. 5.1,

T+
d = 7.5 Z (angstroms).
Eiin ohms

Exposure of aluminum to hydrazine almost always results in a
decrease in the eiactrical impedance of the surface oxide corresponding to
a decrease in oxide thickness. Figure 5-3 shows the more significant aspects
of these experiments. For a given alloy and a given anodization voltage, the
decrease in impedance, A Z, at 100 hertz increases with the initial impedance,

ZB.

If there were only a barrier la,er oxide all of the impedance values,
ZB’ for a given alloy and anodization voltage should have the same value
except for minor varfiations in the roughness factor. The fact that there
was a large spread of ZB values indicates that there was a significant
thickness of the outer layer in addition to the barrier layer. Note that,
for samples which were not dried in the oven before determining ZB’ there
is only a small spread in ZB and a small AZ.

The solid lines in Figure 5-3 connect samples prepared and treated
at the same time. The dotted 1ines give the trend for sampies of the same
alloy and anodizing voltage. The meaning given is that the value of the
impedance of the outer layer is that amount beyond the intersection of the
dotted 11ne with the abscissa. The barrier layer impedance is that value
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given by ti-is intersection. Thus the intersection for the 12 volt samples
is about twice that for the 6 volt samples. Therefore, the hydrazine
reduces the impedance of the outer layer. The dotted lines are drawn for

a decrease due to the hydrazine treatment of the impedance of the outer
layer by 80%.

The major conclusion drawn from the resuits presented in Figure 5-3
was that hydrazine penetrated the outer oxide layer and modified it so that
its impedance was greatly reduced. That the outer layer was not dissolved
was shown by redrying a sample in the oven after the hydrazine exposure.

The impedance after anodization was 11.2K ohms; after drying this increased
to 16.0K ochms- a subsequent two-hour treatment in hydrazine reduced this to
11.8K ohms; and after redrying it went back up tc 16.0K ohms. Thus, the
outer layer was not dissolved nor was it modified irreversibly.

There was no indication of appreciable penetration of the barrier
leyer by hydrazine. One way to further explore this is by reanodization.
When a sample is reanodized in a barrier layer forming electrolyte, there
will be little current flowing as the veitage is increased until it reaches
a value where the barrier laye: thickness starts to increase. Thus, if
there was any thinning or penetration of the barrier layer, the reanodization
current will increase at a voltage lower than if there were no thinning.
Figure 5-4 shows the results of such an experiment. After an initial anodi-
zation to 6 volts, a reanodization caused little current to flow until 6
volts was again approached. When a sample which had been exposed to hydra-
zine for 386 hours was reanodized, the result was much the same although
the current was slightly higher. This result indicated that the barrier
layer was essentially intact after the hydrazine treatment.

The fact that the 2219 alloy had an impedance about half of that

of similar 6 volt anodized pure aluminum can be explained L. a roughness factor

about twice that of pure aluminum. (The alloy samples were machined which
gives a high surface roughness and the etching of alloys tends to roughen
them more than it does pure aluminum.) Otherwise, the results were similar
for the alloys and for the pure aluminum.
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There was either a small or zero time dependence of thc hydrazine
exposure. The pure sample was ex~osed between 0.25 and 386 hours. As
seen in Figure 5-3, there was a slight tendency for the A7 of the shortest
axposures to be less than those of the higher exposures. However, the
scatter of the data was such that no definite effect can be postuiated.
There was no appreciable time effect for the alloy samples exposed between
one to 339 hours. These results indicated that the outer layer of oxide
was penetrated rapidly and that ro appreciable effect took place there-
after.

5.5 CONCLUSIONS

This work showed that the impedance technique is a valid method
for observing changes on the oxide covered surface due to hydrazine exposure.
These results indicated that hydrazine penetrates and interacts with the
out.y layer of the oxide but that the hydrazine did not dissolve the outer
layer nor did it appreciably penetrate the barrier layer.

Since corrosive attack requires at least a thinning of the barrier
;ayer it may be cencluded that at -~oom temperature there was no evidence
of corrosive attack on either 99.99% pure aluminum or 2219-T87 aluminum
alloy after over two weeks exposure to hydrazine. This is in concert with
the work of Salvinski [4-28].

Under conditions of longer exposures, elevated temperatures,
presence of impurities and different metals in contact, corrosion may occur.
The impedance technique is capable of showing the initial stages of corrosive
attack involving the thinning of the barrier layer. To achieve the most
sensitivity it would be desirable to minimize the effect of the outer layer.
This would be possible by briefly treating the sample with hydrazine before
the 7irst impedance measurement and then exposing the sample under the desired
conditions.
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6.0 HYDRAZINE MONOLAYER BUILDUP TESTING
6.1 BACKGROUND

Previous studies of flow decay problems by Pullen [6-1] have
shown that radiotracers used to detect changes in the behavior of a
hydrazine flow system, tend to deposit on fine screen-type filters along
with metal contaminants contained in the hydrazine. Relatively small
amounts of the radiotracers were found to be deposited in tnese experiments,
being less than 1% of the otal available tracer. However, limited flow
time was accumulated (10 minutes per test) and there were uncertainties in
the ultimate material deposition that would occur. Consequently, experiments
were designed to study this deposition of metal contaminants in a hydrazine
flow system during long flow times.

6.2 EXPERIMENTAL PROGRAM

The apparatus shown in Figures 6-1 and 6-2 was used in this study.
The supply and catch tanks were constructed of type 2014 aluminum and the
connecting tubing (1/4 inch 0.D.) was of type 5052 aluminum. Flow rates
were determined by measuring the pressure drop across the previously cali-
brated 0.0788 inch diameter orifice. The N2H4 passed through a plate con-
taining four 0.021 inch diancter orifices which limited the flow rate to the
range previously studied (0.2 gal./min. to 0.38 gal./min.) [6-1].

Approximately two gallons of specification grade N2H4 (MIL-P-26536C)
was transferred to the supply tank and the radioactive tracer added. The

as-received N2H4 showad a metals content of 0.6 pom iron and no zinc (<0.1 ppm).

The solution was repetitively cycled through a 10 micron absolute screen

type filter (Western Filter Co. part number S12-19310-2) and the radioactivity
buildup on the filter monitored by use of the sodium iodide scintillation
detector and the attendant counting equipment discussed in Section 4. The
supply tank pressure was set at 40 psig which resuited in a flow rate of 0.25
gal./min. The hydrazine was flowed at ambient temperature (55-60°F).
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6.3 EXPERIMENTAL RESULTS AND DISCUSSION

Tables 6-1 through 6-4 and Figures 6-3 through 6-6 summarize
the radioactive buildup data for specification grade N2H4 and, for
comparison, deionized water where iron-59 was used as a tracer. Flow |
tests were conducted with deionized water (Table 6-1, Figure 6-3) to
determine whether the radioactive buildup was common to other liquids. It
was not. The HLO flow tests were conducted under conditions identical to
the N2H4 tests (same Fe59 content, same flow rate, etc.), but the amount
of deposition was much less. With H20, about 400 counts per minute (CPM)
above background were found, corresponding to only a 0.25% deposition. -~ .
After seven runs, 100 m1 of concentrated nitric acid was added (giving
a pH of 0.8), and the count rate decreased to 150 CPM (0.09% deposition).

By contrast, the Fe59 buildup in the N2H4 tests was steady for
about an hour (Table 6-2, Figure 6-4). Towards the end of that time the
rate of buildup showed signs of declining somewhat. The system had to then
be shut down at the end of the day. Upon resuming flow the next day, the
count rate was initially depressed. However, after about one hour of flow
the count rate regained its former value aid remained essentially constant,
corresponding to a 1.42% deposition of the Fe59 tracer added to the N2H4. .
(Interrupting the flow, venting and retransferring the N2H4 from the catch
tank to the supply tank characteristically caused small decreases in deposited
radfoactivity, which recovered during the subsequent run or runs.)

The small (1.42%) deposition raised the question as to whether
a larger iron content in the N2H4 would have resulted in a higher degree
of deposition. To answer this question, 1.9 ppm of iron as ferric nitrate
was added to another tankful of N2H4 containing the same amount of tracers
as before and the flow testing was repeated. As indicated in Table 6-3
and Figure 6-5, a gradual buildup again occurred but the final level of
activity was much lower (0.33%). A compariscn of Tables 6-2 and 6-3 shows
that the percent iron deposited was very nearly inversely proportional to
the total iron in the N2H4. In other words the total mass of iron (about
60 micrcgrams) that deposited was a constant. These results are consistent
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with a mechanism in which the extent of deposition is limited by the number
of available active sites on the surface of the fi.ter. Surface adserption
and chemical interaction with the oxide layer of the stainless steel filter
are two possible explanations.

L BN

Interatomic exchange between the radioactive Fe59 atoms of the

added tracer and the iron atoms of the filter was considered to be a less
likely expianation because of the lower deposition rate in the deionized
water test. To further illucidate this question, radioactive zinc-65 was
added to a fresh tank of hydrazine and a series of flow tests were run.
Since there was nc zinc in the stzinless steel filter, interatomic exchange
(and radioactive buildup) should not occur. However, radiocactive buildup
did occur in much the same manner as with iron-59. About 1.2% of the Zn65
radioactivity contained in the tank of N2H4 was deposited on the filter.
Also, the chemical entity responsible for the activity was quite adherent
since the deposit could not be washed from the filter by back-flushing.
See Table 6-4 and Figure 6-6.
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Review of the experiments showed that only small amounts of
materials accumulated on the filters. Buildup reached its equilibrium value
after a total flow time of approximately an hour, and at least in the case
of zinc, the deposit was adherent. No deposit could be detected during
visual examination of the filters following flow testing and no flow decay
was observed in any of the hydrazine tests. While the exact mechanism could
not be ascertained without additicnal data, a surface effect such as adsorption
of metal-hydrazine complexes by active sites on the filter appeared piausible.
The fact that the amount of the metal deposit was independent of the metal
concentration in the hydrazine suggests saturation of surface deposition
sites. On the basis of these data, clogging of similar filters in operational
use will not occur. This confidence should probably not be extended to
filters with significantly smaller pore size.
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7.0 CONCLIISIONS

Two important conclu:ions of a general nature are readily apparent.
First, the objective of the program, ihe advancement cf the state of the
technoloyy for -eiermining the iong term compatibility of materials with
propellants, was achieved. This was accomplished by the development of
a prediction method, the bcsis of which was the utilization of sensitive
measurement techniques to darive basic kinet:c¢ rate expressions, that
could be used to establish long-term compatibili.y information from short-
term experimental data. Second, the partial application of the prediction
metnod to the systems 6A1-4V titanium/hydrazine, 304L CRES/hydrazine,
6A1-4V titanium/fluorine, 6A1-4V titanium/FLOX, and 2219 aluminum/fluorine
led to the conclusion that any corrosion-induced metal build-up in the
propellant is small for long-term storage periods provided that the
concentrations of CO2 in the 304L CRES/hydrazine system and HF in the
6A1-4Y tit_nium/fluorine and FLOX systems are kept at sufficiently iow
levels.

The prediction method established in this program is based on
an empirical part (the generation of compatibility data) and a theoretical
part (the formulation of the kinetic rate expression). As such, it is an
inclusive method that is applicable to any system. It is a vast improvement
over previous approaches, such as simple extrapolation, which hkad no theo-
retical basis for the ~onclusions drawn and accelerated aging, which often
yielded misleading r..ults. The time required for the generation and
reduction of data should ordinarily be only a 2w weeks, or months, and in
that respect, .t 1s a vast improvement over real-time testing.
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ideal prediction method might consist of a computerized
"black box' ..0 which one could physically place any material/propellant
combination of interest, and after waiting a short time, the device would
provide the necessary long-term compatibility information. Such an ideal
device, while highly desirable, cannot readily be constructed because of
the magnitude and complexity surrounding the question of compatibility.
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The method described in this program is applicable to any system, tut the
exact empirical set-up may vary widelv because of the different experimental
constraints that may have to be placed on any particular material/propellant
pair.

Focusina on the data generated in this program, several useful
conclusions relatina to iona term compatibility can be drawn, even though
further data are needed to refine the kinetic expressions postulated. The
alloy 6A1-4V titanium showed no interaction at all (as measured by netal
buildup in the propellant) in hydrazine containina up to 50 ppm chloride
as NaCl. It was concluded that deletericus levels of metals would not be
aenerated in N2H4 containing up to 50 ppm chloride (as NaCl1) for at least
10 years. It was further concluded that a distinction should be made
between "ac*ive" chloride (Hydrazinium chloride, an acid in hydrazine)
which alledoedly attacks 6A1-4V titanium [4-23] and "inactive" chloride
(such as the salt NaCl) which does not.

Carbon dioxide, which forms the acid hydrazinium carbazate in
hydrazine, readily corroded the surface of the 304L CRES specimens. The
metal buildup data were best explained by a two-part mechanism. The first
was a comparatively slow zero-order reaction of 30 days duration (for
S/V = 0.689 cm']) durina which dissolution of the protective metal oxide

irred. The second part was a fi~st-0.der reaction with respect to CO2
scentration having a rate constant of k = 0.0432/day. Both parts were
concluded to be essentially independent of temperature in the range 110-
160°F. The fact that the protective oxide coating postponed the onset
of the first-order hydrazinium carbazate attack is an argument in favor
in the passivation procedure used in this proagram that aenerated a pro-
tective oxide coatino on the CRES surface. As in the case of chloride in
the titanium/hydrazine system, a distinction should be made between "active"
CO2 (hydrazinium carbazate, a corrosive acid in hydrazine) and "inactive"
C02 (such as a metal carbazate, which cannot react with a metal surface).

Cne of the most important conclusions reached in the 6A1-4V
titanium/fluorine and FLOX tests was that the presence of HF cuould
sionificantly affect the rate of corrosion as measured by metal buildup
in the propellant. Although an exact kinetic rate expression was not
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established, rredictions were still made based on conciusions that the

A A~

rate of buildup for a given HF conceniration could occur ngc faster than

L
\ i‘ an assumed zero-order rate expression. Using the maximum rates thus
" calculated, it was concluded that at low (0.008%) concentrations of HF,
§§ the amount of corrosion after several years contact time would be accept- :
ably smalil.
o
The 2219 aluminum/fluorine system was different from the ;;

6A1-4V titanium/fluorine system in that no HF dependence was found, but
a terperature dependencc was observed. Again an exact kinetic expression

{ could not be derived, but the data closely approximated the dependence ~
. one could exnect from zero-order kinetics, with a value of k = .85 e'3]6/RT
; - ppb Al/hr. Even at the higher values of the temperature, the amount of
. { metal buildup was acceptably small after five years.
< —

In summary, then, it was possible to develop a useful method
for prediction of propellant-material compatibility. As an added bonus,
some valuable engineering data on several candidate propellant-

-~ -

materials pairs were generated.
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8.0 RECOMMENDATIONS

Three major areas of this program are prominently in need of
further work. The first involves strengthening of the prediction method
and increasing its utilization by application of computer methods. The

second and third deal with broadening our fundamental knowledge of the role ?
of impurities such as NZH;’ CO2 and C1”  in hydrazine and HF in Tiquid
fluorine. A fourth area, the comparison of long-term predictions with
actual long term data, was not a part of the current program and awaits ;;
a future effort.

Computer programs dealing with long-term compatibility predictions .

are desirable because of the overall complexity of the subject matter.

The general flow diagram shown in Figure 2-1 and the related svbsidiary

flow diagrams readily lend themselves to programming methods. Extensive

data storage and retrieval could also be accomplished by utilization of

computers. An engineer desiring information relative to the long-term - -
compatibility of a particular system could input the name oi *+he material,

the propellant and other pertinent facts. The computer could ther output

the existing available data and indicate which part, if any, of the flow

diagram of Figure 2-1 needs additional analysiz r testing to obtain the

required information.

The tests involving hydrazine with CRES yie..rcd some valuable
rate data, but also raised some questions which require resolution.
The rate expression postulated in this document should be confirmed with
data uotained by using the more efficient radioactive tracer method. The
atomic absorption technique required many measurements on a large number
of CRES/hydrazine specimens, and the constraints of the predetermined : ;'
reaction conditions were not conducive to an unambiguous determination of
the rate expression. The data obtained in the current prcaram were 3
valuable in that they defined those reaction conditions upon which the ‘
radioactive tracer method should be focused.

As indicated elsewhere in this document, the presence of chloride
did not affect the rate of attack of hydrazine on 6A1-4V titanium. This ‘
is in contrast to the results reported by Tolberg, et. al., at SRI [4-23]. ;,},

R P
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An explanation for the apparent differnece in results is that in the present
study chloride was added as NaCl, while in the SRI study it probably had
been present as hydrazinium chloride (NZHS*C]') The species responsible
for the corros1on in the latter study most likely was the acidic (in N2 4
solution) NZHS ion, the same ion formed when CO2 reacts with N2H4 to form
hydrazinium carbazate (N H C02N2H “).  Although the concentration of

the NZHS cation may be of maJor importance, the role played by the anion
“‘nvolved cannot be ignored, since, in contrast to hydrazinium chloride, hsdra-
zinium carbazate seems to be relatively unreactive toward 6A1-4V titanium
{4-28]. Clearly, there is a need to quantify the rate of reaction of

N2H4 with various alloys in the presence of NZH;, COé, and C17. Also,

work should ba undertaken to establish a method for determining the amount

of N2H5 jon present in hydrazine, in order to set appropriate

maximum limits in the specification. It is important that C1~ and (.02 be
determined by analytical methods that take into account whether thase
substances are "active" (that is, present as hydrazinium chloride and
hvdrazinium carbazate) or "inactive" (present as meta} chlorides and metal

carbazates).

The surface impendance measurement technique sk~ .a definitely
be applied to the hydrazine/CRES system. The data cenerated in this
study suggested that NoH, contaminated with CO2 will s’owly dissolve
the protective stainless steel oxide layer and subsequently initiate &
rapid attack on the unprotected metal surface The surface impedance
technique would be a powerful tool with which to confirm this proposed
mechanism.

The tests involving 6A1-4V titanium with liquid vluorine and
FLOX showed a rate dependence on th> HF content of the oxidizer; these
results should be investigated further. Although one might expect HF
to be relatively unreactive at such lcw temperatures, there are very
little data in the literature o the subject. Consequently, programs
should be undertaken to deriv~ basic information pertaining to the
solubility of HF in liquid fluorine (and FLOX) and the reactivity of
solutions or suspensions of HF in liquid fluorine (and FLOX).
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Finally, all of the predictinns utilizing short-term data made
in this nrooram should he compared to the fullest extent possible with
lona-term data aenerated elsewhere. “uch data has heen cencrated for
both fluorine and FLOY by TRW [8-1] as well as hydrazine {4-13].
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FOREWORD

The objective of the JANNAF Working Group on Propellant Char-
acterizztior is to encourage standardization of the testing methods which
are used by the various agenciz2s active in the development, evaluation
and application of “iu.’ ’ propellants. Wherever possible, the Working
Group will recommec.ad a test method which is capable of measuring a
discrete c- funla. cntal propellant property. Unfortunately, many
faciors re .-ing to the physico-chemical characteristics of propell nts
cannot be determined on an absolute basis. In these cases it is oft2n
necessary to resort to tests whose results are apparatus dependent and
which provide data that are meaningful only when _onsidered relative to
propellants whose characteristics a. e well known through practical use.

Such empirical tests can give comparable data only through the
«rhitrar_ standardization of test conditions. Aithcugh this standardization
ic vneo- . Working Group's primary task :, it dves not necessarily en-
cr..oe tue significance or value of a given test. In fact, it should be

.asizedthat the data obtained from tests may be dependent upon the
established test conditions and may be inverted by other tests or test
conditions. Each method wnen fi. st issued is considered tentative. At
reasonah'2 intervals of time, and when sufficient justification occurs,
revised methods are recommended. However, in the hope that the ac-
cumulation and correlation of sufficient empirical data may ultimately
leadtoa greater understanding of the fundamental properties of propel-
iants, the Working Group strongly urges that users of the recoramended
test methods resist making any cha:.ges in apparatus or method which
raight lead to changes in the numerical values of data obtained. Sug-
gestions of changes or imorovements in apparatus or methods, however,
are welcomed by the Working Group and inay be sent to the CPIA for dis-
semination to the ~urrently active membership.
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1.2.1

JANNAF 726.0
March 1972

page 1-1

TECOMMENDED PRACTICES FOR STATIC

IMMERSION TESTING OF MATERIALS IN LIQUID
PROPELLANTS AND OTHER AEROSPACE FLUIDS

GENERAL CONSIDERATIONS

Objectives: This document specifies conditions, parameters,
and procedures for conducting immersion tests of materials
with liquid propellants. The same considerations apply also
to tests with other aerospace fluids. Snecific details which
are functions of particular test methods or propellants are
covered in parts dealing with the particular subjects.

The objectives of immersion tests described in this document
are (a) to supply 2ngineering design data; and (b) for research
into various interactions of materials and propellants. Thus
the approaches are subtly different from similar methods for
acceptance and quality cortrol testing. For the latter methods,
the cppropriate ASTM Standards or MIL SPECS should be
consulted.

For immersion tests, the total system of test fluid-material-
test fixture-test container-instrumentation-test environment
must be controlied, monitored, reported, and analyzed.
Functional relationships between variables are sought, not
just single point values.

Definitions:

The following definitions are included in the procedure to
ensure uniformity, because some of th2 terms are currently
used with several indepenaent meanings. In some instances
the meanings in these definitions are slightly different from
those commonly understood.

Material (or Structural Material) - any solid, (amorphous or
crystalline), polymer, elastomer, semi-solid, surface
coating, etc., other than a liquid rocket propellant, aerospace
fluid, or a gas, which is vsed in the construction or operation
of a chemical propulsion system.
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1.2.2

1.2.3

1.2.4

1.2.5

1.2.6

Liquid Propellant - a simple liquid (or its vapor), a mixture

or solution of liquids, an emulsion, a thixotropic gelled
liquid or a liquid with dissolved or suspended solids which
is used in a rocket engine to produce thrust. Classes of
liquid propellants include but are not limited to

oxidizers

fuels

monopropellants

cold-gas propellants

externally heated hot-gas propellants
ionizable electric thruster propellants

Pressurant - a gas or vapor which is introduced into a liquid
propellant container in order to raise the system pressure
above the vapor pressuare of the liquid propellant. [ is
usually, but not always, a chemically inert species. The
pressurant may be brought directly in contact with the

liquid propellant, or there may be a flexible or movable
barrier which prevents direct concact but transmits
pressure.

Gas - the state of matter which expands to fill a container
completely and which cannot be caused to form a liquid at
the temperature of interest by application of pressure,
i.e., it is above the critical temperature of the particular
system. The term ''gas" will be apgiied to a mixture of
gaseous constituents.

Vapor - the state of matter which expands to f.il a container
completel, but which is either in equilibrium with the
liquid state or can kz caused to form a liquid at the
temperature of interest by application of pressure; i.e., it
is below the critical temperature.

Aerospace Fluid - any fluid, other than a propellant or
pressurant, used in aerospace systems. Such fluids in-
clude leak check solutions, calibration or reference

fluids, lubricants, hydraulic and gyroscope liquids,
cleaning solvents, purging and pneumatic operations gases,
and decontamination liquids. Excluded are such fluids as
atmospheric constituents, cutting oils, and porosity-
detecting solutions used during manufacture,
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1.2.7

1.2.8

1.2.9

1.2.10

JANNAF 726.0
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Impurity - a substance, other than the specific chemical
constituents or addi.ives, which is dissolved in, suspended
in, entrained in cr ctherwise transported by a propellant
or other fluid. Note that by this definition such materials
as water in N,0, are considered impurities, even when
their concentrations are within a SPEC limit., However,
water or other substance added purposely to a propellant
in order to improve performance in some manner is not
considered an impurity. Dissolved pressurant and products
from material corrosion are included as impurities. How-
ever, suspended metal or hydride particles, purposely
added to the propellant, are not impurities.

Contaminant - any substance forming a second phase which
separates from the propellant and which is inadvertantly
formed in or introduced into a propellant system during
construction or operation of the system. Included as
contaminants are evolved gases and insoluble liquids.
Particles formed by mechanisms or interactions related

to service and functional operation are considered con-
taminants. These result from static ,r dynamic operation;
examples are deterioration, wear, or corrosion of a
material, and solids which precipitate {rom the propellant.

Reacticn Product - a subsiance formed by a chemical re-
action of a fropellant, pressurant, or aerospace fluid.
Includes-ace combustion products from prcpellants, and
products formed when fluid escapes from its tankage and
reacts with the environs (e.g., HF from hydrolysis by
atmospheric moisture of leaking F,), or those resulting
from various environmental effects associated with the
specific application such as extreme temperature,
radiation from auxiliary isotope or nuclear power
sources (i.e., radio isotope thermionic generators),

or mission environments including zero gravity.

Additive - a constituent of a propellant or other aerospace
fluid which has been specially added to modify some aspect
of the behavior of the fluid. Usually it is of sucn a
constitution that it would not be found naturally in the
liquid. An example is the HF in IRFNA,
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1.2.11 Specimen - the device, material, object, sample,
coupon, component, system, etc., which is subjected o
to a test in order to observe or inezsure its behavior »
under the conditions of the test. A specimen may be
the only item of its kind, or it may be a representative X »
of a larger population. In this document, specimen will -

generally be restricted to solid phase materials.

1.2.11.1 Sample (or Random Sample) - refers to a specimen -
selected from a larger population by a randomizing
sampling technique. The word sample should rot be i
used when t! @ whole pcpulation is tested as a unit,
nor for a series of specimens cut successively from .

: one end of a piece of material, etc. It is generally ]

; . assumed that a specimen of fluid drawn from a homo- ’

geneous mass in a container is a true or random
sampla. In this document, sample will generally be '
restricted to fluia materials.

1.2.11.2 Coupon - refers to a material specimen which has
_ _ Yeen fabricated in a special shape for use in some
9 : specific test apparatus, e.g., a tensile coupon.

‘ ' 1.2.11.3 Test Article - refers to a material specimen, sample,
b or coupon, which is subjecied to a test.

R

}"‘ e 1.2.11. 4 NOTE: Specimen is commonly used as a synonym for
’ Coupon or Test Article, i.e., as a shortened .
: form for Material Specimen. This usage is )
ot acceptable if the context clearly indicates the
: meaning, and no confusion with a specimen of —~
the test fluid is possible, )

H 1.2.12 Accuracy - the closeness of approach of a measurement - -

¢ or series of measurements to the "true" value of the ’ ) ‘

. quantity measured. Confidence in accuracy is increased o
if different observers and/or techniques arrive at values el S
within the probable limits. -

1.2.13 Precision - the closeness of approach of a number of ;:} .

; similar measurements to a common value. It is measured
“ in terms of deviation of individual measurements from the
average.
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Repeatability - a quantitative measure of the variability
associated with a single test operator in a given lab-
oratory using the same apparatus within a short interval
of time.

Reproducibility - a quantitative measure of the variability
associated with test operators working in two or more
different laboratories.

JANNAF Statistical Procedures - a complete presentation
of the official JANNAF definitions, symbols, and formulae
for statistics, and instructions for round robin tests will
be found in CPIA/WGAC Sections 800.0 to 850.0 of the
Handbook (ICRPG), Working Group on Analytical Chemistry
(of Solid Propellants), CPIA/H-1.

Other definitions are those commonly understood in science,
technology and engineering.

Scope: Immersion tests are used to study changes in
physical properties, chemical properties, mechanical
properties and compositions of materials and of liquid
propellants and other fluids due to mutual contact.
Usually the changes that are of interest are those which
affect the ability of the fluic’ and its system to meet
their design performance. There are at least three
separate testing cycles carried out on the specimens
and/or samples in conjunction with the immersion
tests., These are:

Determination of properties or characteristics hy
testing before immersion.

Determination of prcperties or characteristics by
testing during immersion,

Determination of properties or characteristics by
testing after immersion,

In general, the property determinations performed before
and after propellant exposure are done by standard methods,
and such methods will be referenced only and not detailed

in this procedure. However, special consiaerations will be
described. The immersion tests and any measurements
made in the presence of the test fluids are described in

this document. A matrix tabulation of the types of tests
covered by the Immersion Test Method Procedure is

given in Table I,

185

A L

gm"* B aa Y ST IR Y

,.
+

e

:
!




N
N

e ey, Jr——

T»?’FA‘\":‘VYJMA_ SR T T s

R v L

vox ok

%

JANNAF 726.0

March 1972
page 1-6

1.4

1.4.1

1.4.2

1.4.3

1.4.4

1.4.5

1.4.6

1.4.7
1.4.8

1.4.9

CPIA/PCWG

Classes oi Tests

Compatibility Test - a test to determine the mutual inter-
actions of two or more substances under the influence of
more than one parameter; usually but not always done by
an immersion test technique.

Immersion Test - a test or experiment in which a ma-
terial specimen is immersed in a test fluid (vapor,
liquid or both, including the interface) to determine the
extent of mutual interactions which affect the properties
of the material and fluid. The procedure may contact
only one surface of the specimen with the test fl:.d.

Corrosion Test - a test to determine the effect on a
metallic material of the interaction of the metal with
one or more other substances under the influence of
controlled test parameters. It is a restricted type of
compatibility test.

Blank Test - a test carried out in the configuration of
the regular test, with the same set of controlling
parameters, but with one of the active species or test
substances (material or fluid) not present.

Control Test - a test carried out in the configuration

of the regular test series at one selected reference

level of controlling para ters. it is conducted to
establish a base line of behavior. In chemical analyses,
a specimen of known composition is frequently used in
control tests. These tests are sometimes called
reference, base line or calibration tests by other authors.

Short Term Test - a test which lasts a maximum of 30
days.

Long Term Test - a test which lasts longer than 30 days.

Full Term Tesi - a test which lasts as long as the expected

real system exposure.

Abbreviated Test - a test which is shorter than the expected

real system exposure.
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7 1.4.10 Screening Test - these tests are conducted to determine
whether a particular material-propellant combination it
will react vigorously under relatively weak initiation s
conditions, or is sufficiently stable so that it may be
considered as a candidate for use in an aerospace "‘k }
; system. -
) In static ""Gross Reactivity'' tests, a controlled specimen "\i
! of the material is exposed to the propellant, and any s T
reactions are noted. If the system seems stable, it is e
then subjected to a "Dynamic Initiation' test to determine '
if it is safe under conditions of shock, impact or friction. a
] -~
1.4.11 Preliminary Test - these are initial short term tests for )
corrosion, mechanical property degradation, pressure
build up, and other relatively non-violent interactions.
3y
§
Analyses of the results of the preliminary tests supply '
information as to the important alterations .f properties -

which were detected. These form the basis for study in }
the detailed immersion tests, if such tests are to be ’
conducted.

.
R

1.4.12 Detailed Immersion Test

1 The detailed tests are designed to obt2i.. information on
«f the practical utility of matevrial - fluid combinations, TPe
} g tests are planned to develop specific information about

H M extent and cause of interactions, and the expected useful
life of materials or components fabricated from specific
materials, Causes of failure, and the chemical reactions
responsionle, are also studied.

;s .
- N

)

v
i
i
1
a

1.4.13 Verification Test

Verification tests are conducted to demonstrate that a
complete assembly (compcnent, subsystem, or system,
etc.) will function in the required fashion over the total
range of internal and external conditions defined for its
service,

1.5 Long Term Compatibility

- —— «-—M-‘

188




Je, .

N

CPIA/PCWG

1.5.1

1.5.2

1.5.3

JANNAF 726.0
March 1972
page 1-9

Objec.ive

The objective is to advance the technology of material/
fluid compatibility for long term mission applicaticns

or storage periods; specifically to discover or demon-
strate acceptably inert structural materials for liquid
propulsion systems that will have high reliability for
periods of from one year to fifteen y2ars when exposed
in the mission or storage environments in contact with
propellants. Current data for long term propellant com-
patibility are inadequate for the design and engineering
application to liquid propulsion systems.

Long term compatibility investigations should be directed
toward: (a) filling information voids; (b) understanding
the implications of gross and subtle effects of operational
storage periods of up to fifteen years; and (c) generating
pertinent data upon which to base material selections for
liquid propulsion components and/or teed system elements
during design phases.

In summary, the objective is to determine the factors
influencing or imposing the greatest impact on material
compatibility and fluid stability fcr the purpose of
establishing acceptably inert materials for design and
construction of feed systems.

Accelerated T~sts - Accelerated tests are substitute
conditions for full term testing. It is es<ential that ac-
celerated tests should not introduce mechanistic changes
or other factors which are test-specific and do not relate
to real effects encountored during long term exposures,
Refer to Section 2.2.5.2 tor a more detailed discussion.

Extrapolation From Abbreviated Tests - these extrapo-
lations are intended to provide basic compa.ibility data
based upon ultrasensitive measurements, A considerable
variety of problems arise when attempts are made to
extrapolate data from abbreviated tests, and care must

be exercised in making these extrapolations cue to possiole
mechanistic changes during the period of the test which
may require a time period longer than that of the test
before they become apparent. Refer to Section 2.2.5.3
for a more detailed discussion.
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PROGRAM DEFINITION

Objectives

The general objective of an immersion test program is
to generate data which define in predictable fashion the
behavior of the materials and propellants when they are
in contact. There are three major categories of these
test programs. These are 1) generation of design data,
2) investigation of failures; and 3) correlation of prop-
erties and reac.ion mechanisms for research purposes.
These are discussed below. The development of quality
control or inspection test methods can be considered as
a subcategory of oro.erty correlations.

Design Data Generation

The objectives of design data generation are to supply
information needed by design engineers about the
properties and behavior of substances, propellants or
materials, in order to design safe, efficient and eco-
nomic systems. Such information incluaes mechanical
proLerties, corrosion rates, chemical reactions, and
many other types of data.

In laboratory studies and tests directed toward supplying
new or confirming old information for designers, two
points of view frequently clash. Some persons have a
tendency to study interactions between materials and
propellants under every conceivable perinutation and
combi..:tion of cunditions, Some, on the other hand,
have a tendency to be interested only in specific limited
systems and conditicns operant therein, and to ignore
excursions and combinations of parameters. It is wise
to ignore both extremes, and to plan a program which
inclades current needs, predictable short term future
n2eds, and substitute systems or parameters for the
cases when the first choices do not meet design minima.

It is necessary to be completely aware of operating
requirements which have been defined or predicted for
the system for which data are sought, including condi-
tions which may develop in th< system (real/test) as a
function of time or system operations.
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2.1.2 Failure Mechanism Investigation

The test objectives are straightforward. Some device(s)
or system(s) failed to operate in the proper manner, and
tests must be conducted to find out why.

In basic terms, failure to meet design performance can
arise from many different sources, and these sources
in turn result from:

a) Changes in chemical properties or constitution of
the propeliant due to:

i. Changes in the molecular structure of the
propellant,

ii. Introduction of new materials into the propellant.

b) Changes in rate and amount of delivery of propellant
or fluid including delivery at wrong time or no
delivery at all due to:

i. Conversion of the propellant to a different
physical state (solid or vapor),

ii. Loss of propellant due {5 major or minor leakage.

iili. Failure . { propellant management system so
propellant is in wrong location.

iv. Failure of propellant utilization or feed and
transfer system (pumps, pressurization,
bladders or valves).

v. Change: in dimensions of flow pcths (opering up
or blocking).

These changec are quite general, and in turn may arise
from many causes. Thus, (b, i), the change in state of
propellant, could he dus to chemical changes, to failure
of insulation, or to leaky valves which communicate to
2 vacuu.n, caucing .ash freezing. Similar degradation
-1 performance can .ccur with pressurants and other
azcrospace fluids.
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It can generally be asserted that if the properties of
materials, components, or propellants change suf-
ficiently to attain values outside of the expected
statistical variation from normal values, degradation
or complete failure of the sysiems wil! result.

In the majority of failures, considerable analytical
investigation has already been performed before the
test program is initiated, and the possible important
parameters have been identified. On the other hand,
if the item was properly designed on the basis of

what appeared to be sufficient and accurate design
data and operating condition predictions, it is likely
that either some combination of factors occuring
during service have interactions which were greater
than a simple linear combination, or that some untested
factor turned out to be important. The experiments to
be conducted must then ascertain whether

a) Existing data are a:curate and complete
b) Additional factors influence system behavior

¢) Combinations of certain factors accelerate
deterioration.

Tests in which all specimens pass, or all fail, are

of very little predictive use. Statistical and analytical
procedures can only he properly applied when there are
quantitative but not qualitative differences in the response
of different specimens.

Successful performance of a failure mechanism study
frequently results in the need for further design data
generation, If this step can be forseen, a combination
of the two objectives in one test program may be the
most efficient procedure.

Correlation of Properties and Mechanisms

The continuous development of new me’2rials generates
the need to determine how these behave in particular
environments. The primary objective of the tests is to
correlate the kehavior with some controllable parameters
irherent in the material, so that the proper directior to
proceed in development of further improvements can be
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determined. Correlation between (2sts of various types
is also sought, in order to select the most economical

test methods and to pick appropriate quality control

methods and criteria.,

Opti~m design of property coirelation teste is frequently
difficult because only minimal quantities of maierials are
The tests should generally be conducted in a
regime which shows the greatest differences in behavior

available.

due ‘7 changes in the material paramete.s.

However, the

effects of differences which are not uander study must be
carefully controlled so that test results are not confounded

Study of reaction mechanisms in materials-propeliant
interactions is an extension of property correliation cxperi
ments. The tests are designed to develop information en
the specific chemical and metallurgical processes which
orcur on the molecular and atomic level, and te correlate
these processes with macroscopic changes which affect
system behavior.

Mechanism studies usually involve very close control and

accurate chemical analyrces of the test fluids and specimens
before and after test, anu sometimes during tests.
lographic and eleciron probe studies of the material

Metal-

specimens, and physico-chemical and various analytical
ctiemical measusrement:; of the test fluids are often 1a-

vulved; other similar apiroaches may be used.

Type of Program

There are several types of programs in materials-propellant
These include screening programs, pre-
liminz ry programs, detailed programs and verification teat
Lor.y term compatibility progirams are presented
as a separate topic because of \he special philosophy and the

immersion tests

programs.

sophisticated analyses of test data which must be done. In

many cases, the same basic test method may serve for any
of t-e program types, the differences lie in the sophistica-
tion of the data <.irection.
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Costs tor programs rise rapidly with test sophistication.

On the other hand, use of screening or proof test data

for analysis is generally unsat.sfactory, and uprating a

less sophisticated program in the midst of conducting

it because data of more basic character are needed ‘

R o,

-
il

usually results in higher costs and poorer data than if
_ the more complex program were initially planned. It
g should be clearly understood what type of data are
L needed and the most economical type of test program -
to sup}..y this data should be seiected before planning o
Y the test details. |
Also to be considered is the timing of the test program - .
{ with relation to other activities. I’ the tests are part
- of a large system project, total project costs can rise

1 ‘ alarmingly when materials testing is done too late. If
' selection of materials has not been completed by the
time detailed design starts, the designers may be held
up until the data can be supplied, or they inay be re-
quired to proceed on a ''risk' basis and either over-
design or select unsafe materials. The only tests
which should be necessary at this point in time are
verification-testing of components in system-related
operation conditions.
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2.2.1 Screening Program

-

A screening program is generally one which is designed to
give "GO" or "NO GO'" answers to guestions about suit-
ability under specific conditions of a materials-propellant
combination., A ""GO'" answer indicates that the combination
is suitable in terms of inherent stability to be subjected to ‘
further more detailed testing. Static and dynamic gross
compatibility tests are included under screening. Static H
screening tests consist of exposure of controlled material oL,
specimens to the vapor and to the liquid phases of the test
fluid under carefully controlled and safe conditions in P
order to determine whether vigorous reactiors occur "
spontaneously. Dynamic test methods include ABMA
Impact, Trauzl Block, Friction Initiation and Card Gap
Shock tests and those contained i 1 the Liquid Propellant
Test Methods Manual. If easily initiated vigorous re-
actions occur which involve the fluid anu material being
tested, the combination is usually dropped fron: con-
sideration and no further tests are con¢ cted. However,
many monopropellants will react when subjected to the

dynamic initiation tests. It then becomes necessary to
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distinguish between this normal reaction and an increased
reactivity involving the material with the propeitant, and
to distinguish this latter case from a typical catalytic
reaction. If increased reactivity is detected the deciding
factors about system utility are such parameters as ease
of initiation or violence of reaction.

If the screening tests are properly planned, no other hard
data beyond "GO'" - "NO GO'" should be derivable. If
numerical conclusions can be drawn, the test was more
complex than a basic screening test.

False posilive reactions between the test fluid and the
test apparatus must not be confused with test material-
fluid interactions. Blank tests must be run to check for
the possibility of false positives.

It is sometimes possible to perform post-test analyses
on a specimen to determine what has af‘ected it. But in
a typical screening test, the sample is not designed to
be saved if the result is NO GO.

Preliminary Program

A preliminary program is designed to obtain initiai infor-
mation about the type &nd extent of interactions between
materials and propellants. This information is then used
to plan the detailed test program. For instance, a number
of metals may be tested in a particular corrosive environ-
ment for a short period of time., The corrosion rates are
then calculated, and the types of corrosion which occurred
are determined. Those alloys which have acceptable types
of reaction (e.g. no pitting) and slower corrosion rates are
selected for detailed study.

In selection of materials and conditions to be used in pre-
liminary tests, a review of the information already available
for the particular system and for analogous systems is very
important. Many materials can be ruled out of tests at
once; thus there is no reason to test tungsten in a new
halogen fluoride. Knowledge of the behavior of materials
and the characteristics of the propellant can also guide in
the selection of types of interactions to be checked. If the
test fluid is an electrical conductor, it is usually important
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In detailed programs, test methods range from exact
models of applications situations to very artificial
conditions which, however, have been found to yield
data which can be correlated with real behavior, or
with some other parameter of interest. Acceleration
of interactions by increased severity of test conditions
(higher temperature, pressure, frequency) is typical of
the artificial conditions. When such accelerated tests
are conducted, it is important to demonstrate that the
more severe condition does not cause a change in
mechanism of interaction, which would result in invalid
results.

Since the results of detailed test programs a.'e to be used
in prediction and correlation, the data deve<loped must be
complete and reproducible. Orders of magnitude and
lists of relative effects are not sufficient.

In one area, the detailed program is inverted to become

a method for testing of tests. This occurs in the develop-
ment or selection of a standard method for quality countrol
or inspection. In these cases, the information has already
been developed that changes in some characteristic, C,

of the substance correlates with a desirable or undesirable
behavior in an applied system. It is now necessary to
determine which test should be used to measure changes
in C at the proper level of sensitivity in the most ex-
peditious and economic fashion. Note that selection of the
proper level of sensitivity is important; if it takes a change
in C of 10% to cause an important system effect, one need
not aim for a test which detects changes at the 1% level,
although the 1% level data are usable. The converse is
very definitely important. A test not sufficiently sensitive
should never be used.

In the design of plans for detailed programs, it is usually
wise to lay out a matrix of variables to be covered. This
could initially consist of a set of lists of these variables:
One list would cover specimen selection and design, a
second would cover immersion conditions, a third would
tabulate the physical conditions to be controlled in the

test, others wouid cover chemical parameters, mechanical
tests, dynamic changes, etc. The basic test design would
then be drawn up to control all the parameters deemed of
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primary importance, and to measure but not control

secondary terms. Then an analysis would be conducted

to determine the overall complexity of the test, con-

sidering how many independent values of each parameter

should be tested. Of course, many of the parameters i
are not independent; thus pressure and temperature are
completely coupled in a closed unpressurized container,
once the quantity of fluid is selected. If the complexity
is low--if only one or two parameters are to be varied -
over a few values, a straighitforward test plan is drawn o
up in which each value of each parameter is checked.

However, if the complexity is high--many parameters to

be varied simultaneously, it is generally wiser to use an -
experiment designed on a statistical plan, in order to

decrease the number of tests. If possible, the statistical

plan should be one which allows for revision on the basis

of ea. , data as the program proceeds. Apparatus

complexity is one of the factors which enters the decision

as to whether a statistical plan is necessary. Thus a

large variety of similar metal samples can be placed =
in a single test, and hence if the change in metal com-

position is the only parameter to be controlled, wtile,

say, pressure, temperature and fluid volume are held

constant, a statistical design may be unnecessary.

However, testing one material at 4 temperatures and

4 flow rates each of which requires a separate test set

up for each parameter change, will be more economically

done if a statistical design is chosen.

Verification Program

In a verification test, an article which has been designed
and built for service in defined conditions is exposed to
those conditions and its functioning is measured. The
article may be anything from a subcomponent to a com-
plete ana complex system. In mnst verification tests,
as much as possible of the complete range of defined
service conditions is covered, and the response and o
behavior of the article is monitored throughout the test,

—

Except for the special categories of tests to destruction
and life service tests, it is expected that the specimen
article will survive the test, and the plan is based on such
behavior. However, it is recognized that sometimes
early in a design program, the first articles may not
survive, When it is possible to do so economically, data
collection to determine cause of failure may be included
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in the instrumentation. This is not generally the case.
Post test examination of the specimcn plus analysis of
the normally collected data are usually the only available
resources. If they are not sufficient, a recycle through
a detailed program aimed at failure analysis is usually

required.
2.2.5 Long Term Compatibility Program
2,.2.5.1 Full Term Tests

There is a serious lack of precise material-propellant
compatibility data for long term storage of up to fifteen
years with earth and space storable propellants. Important
considerations relative to real time or full duration testing
include:

2.2.5.1.1 Technical Utility - The results should be meaningful and
not become outmoded by technical obsolescence as the
result of state-of-the-art advances during the test.

2.2.5.1.2 Economics - Testing over long periods of time (five to
fifteen years) can be prohibitively expensive. Any full
term program should be carefully designed in all aspects
in order to achieve a cost effective program.

2.2.5.1.3 Test Design - Careful analysis of the behavior of real
systems in long duration exposures as functions of the
system design and exposurc parameters, and similar
analysis of the behavior of the test system as it interacts
with the propellant and materials specimen .s essential
for the proper design . ¢ the tests in order to obtain
accurate data which are not confused with unwanted test-
specific factors,

2.2.5.1.4 Post test characterization and documentation - These
should be as thorough as practical to provide continuity
and consistency in consonance with the procedural
methods of this document in reporting pertinen: factors,
results, and test methods utilized during the active program,

2.2.5.1.5 Test constraints - The test constraints influence rasulting
from the test methods employed should be recogriied and
evaluated relative to the effects upon the final interpretation
of results. Typically all phases are affected and major vs.
minor considerations must be taken into account.
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Accelerated Tests

General

Accelerated testing is a method of determining the
material-propellant compatibility under substitute
short term conditions for real time testing. Accel-
erated testing, employing many diifferent procedures,
has evolved from the many different type programs
conducted in the past. For example, specimens may
be exposed to induced environmemal conditions (such
as high temperature, pressure, or g-loads) that exceed
those required, and then examined after exposures.
Results based upon these accelerated reactions are
then correlated with actual data and appiied to the
design situation.

Rationale

The basis for accelerated tests is the assumption that
"intensification' of one or more factors, (such as
raising the temperature), will accelerate by the same
ratio all reactions which normally occur in the test
system without changing any of the reaction mechanisms
or causing any new reactions. Thus compatibility effects
can be obtained in shorter time periods.

This assumption of linear behavior is only approximately
true even over limited ranges of variation for system
parameters. Hence the test designer must not exceed
these limits or false effects will occur,

Uses and Constraints

The test methods employing accelerated means to simu-
late real time reaction products and interactions are of
particular importance to permit earlier assessment of
materials compatibility information. To ensure that
applicable data for design purposes is obtained, the test
designer must completely understand the relation of the
test conditions to those that are being simulated. This
is difficult to achieve from both a theoretical and engi-
neering application standpoint, hence the influence of
environmental simulations should be carefully evaluated
and controiled in order to preclude or reduce the number
of overlapping interactions when using this test technique.
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It is essential to demonstrate that the accelerated test
environment selected does not introduce new reactions
nor change the relative rates of different reactions oc-
curring in the test to such an extent that the internal test
environment is no longer a satisfactory model of the real
system.

Exirapolation from Abbreviated Tests

General

This procedure is directed toward investigation, analysis,
and experimental testing for the purpose of establishing
fundamental data and generation of criteria based upon
relatively short duration tests instead of full term tests.

In order to obtain accurate results, the extrapolation
methods used should be applicable for predicting material-
propellant compatibility performance, not only on a rela-
tive basis but also on ar absolute time-lapse basis. These
methods must be capable of indicating, by extremely sen-
sitive measurements, the effects of interactions, combi-
nations, dissimilarities, activation sites, etc., between
the specimen and fluid and conversely the fluid and
specimen.

Uses and Constraints

Ideally these techniques will identify and discriminate be-
tween different kinds of time dependent gross and subtle
effects, The rates at which the reactions proceed are
dependent upon a variety of different parameters and
mechanisms. Test and measurement techniques should
provide an index to the rate of dissolution of specimen
constituents into the fluids; decomposition rate of the

fluid; and reactions on the specimen, surfaces and inter-
faces. Such identification of operational compatibility
interactions, combined with known magnitudes should pro-
vide accurate data for extrapolation to long term (up to
fifteen years) application. Thus the suitability of a material
can be evaluated and correlated with full term data with far
more precision than with any other available method.
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In many material-propellant systems, initial reaction
) rates are very highbut in a short period of time the re-

actions slow down dramatically. This process is often
* called passivation. A reverse behavior of the rates
sometimes occurs--it is called induction, If either
takes place, then the reaction rates extrapolated for
long term exposures should be the steady state rate,
and the initial period should be subtracted fron the
steady state rate and reported separately.

2.2.5.4 Summary

Th- development of real-time data about the effects of
long duration exposures is highly desirable. However,
in many cases such programs are not feasible because

of cost considerations, schedule demands, or other
factors. Data must be obtained in accelerated tests or
extrapolated from abbreviated tests. Great care must

be used in developing data by such techniques, because
small errors are quickly magnified by a sort of "lever"
effect, Table II consists of a list of sume of the important
factors in long term compatibility considerations. Many
of these factors apply to tests and to real systems, both,
but often not with the same weighting. The list is not
supposed to be complete, and the test designer and con-
ductor must ensure that any additional factors in the real
or test system of interest are not overlooked.
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e 2.3 Available Information
5 ~ An annotated bibliography of immersion testing is being
i ( published as a separate JANNAT document. It deals with
gy published test methods, including standard methods, recom-
g mended methods and non-standard methods used in specific
¥ studies, and also with important leading references to

published data on studies of the inte "action of structural
materials with propellants and aerospace fluids.
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2.4 Reactant Selection

The applications of the test program limit to definite classes
or groups the materials and fluids which may be selected.
The particular objectives, type of test, and test procedures
adopted then define the selection of specific reactants.
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FACTORS OF POTENTIA . IMPORTANCE IN
EXTENDED DURATION COMPATIBILITY

Extended Duration Exposure (Test or System)
Perfusion through organic materials (test fluid/outside atmosphere)

Seal leakage

Changes in rate at different locations due to thermal stratification
Effects of venting

Concentration changes due to evaporation of volatiles

Slcw composition changes in fluid (decomposition of N,H, or N,H:NO,)
Slow changes in material due to mechanical operations

Low level galvanism

Creep of materials

Effect of surface active agents in propellant and on materials

Surface to volume considerations considering accumulation of
reactive products.

Acclerated Tests
Effect of temperature (pressure, etc.) on all reaction rates

Effect of temperature (pressure, etc.) on reaction mechanisms

Diffusion control of heterogeneous reactions (agitation speeds
reactions)

Sequential reactions
Solid state diffusion

Effect of temperature changes on vapor phase composition and
evaporation processes, fluid density, and cavitation

Solubility changes for slightly soluble reaction products
Extrapolation from Abbreviated Tests

Passivation

Inducticn

Changes in concentration of reactive or inhibitory species
Very slow reaction paths

It should be noted in passing that tests described as Lonr Term may
actually be Abreviated Tests in comparison to actual Exctended Duration

operation of a system.

204

. s
Qe—

.
e amn”

T RGP e PR

o



CPIA/PCWG

2.4.1

JANNAF 726.0
March 1972
page 2-15

The basic ground rule for reactant selection is that the
reactant should be the same as that anticipated in actual
service. If this is not feasible or practical, simulants
may sometimes be svbstituted. Their selection should
be on the basis of reactants which have similar chemical
or physical or mechanical properties, or appropriate
combinations. The basis of selection for reactant sim-
wlants will be primarily dictated by the objective of the
investigation, but, in general, the desired independent
variables to be simulated shall include the following:

a) temperature range

b) phase state

¢) degree of reactivity

d) susceptibility to external variables
e) concentration

f) chemical properties

g) physical properties

h) mechanical properties
Test Fluids

Most fluids can be obtained in a variety of grades In
order of increasing quality (purity) these are commonly
listed as technical, commercial, commercially pure,
chemically pur~, reagent, high purity, spectroscopic,
electronic, and ultra pure, Specifications for aerospace
fluids are based on the requirements of the system in
which they are used, and may be equivalent to any one
of the grades, often with special requirements in
addition. Most propellant specifications are about
equivalent to commercially pure or chemically pure
grades,

The category of test will determine the choice of fluid.
In screening and preliminary tests, commercial to
commercially pure or SPEC grades will do, without
further analysis or definition of properties or con-
stituents. Verification programs should employ the
SPEC grade which will be used in normal service, with
normal SPEC analysis.
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For detailed programs, the complete constitution of the
fluid should be determined by accurate chemical analysis,
not just MIL SPEC analysis procedures. Design data
programs should be conducted with propellant grade or
equivalent fluids, but, again, the fluids should be analyzed
as completely as possible. In property correlation and re-
action mechanism studies, the purest available fluid should
be used, and analyzed thoroughly. When impurities or
other constituents aie required in the fluid to study their
effects, these should be added in weighed amounts to the
pure base fluid. The modified fluid should then be analyzed
again, All test fluids must be traceable by lot number to
the manufacturer.

As previously stated, the selection of the proper reactant
is primarily dictated by the test objective. In the majority
of the cases every effort should be made to duplicate the
real reactant as closely as possible. Consequently, the
chemical and physical properties of the test fluid should

be the same as those in the naturally occurring solution
or, as in the case of most propellants, those taken directly

from some plant process, i.e., in an "as received'' condition.

Unfortunately, it is not always possible to obtain the '"exact"
test fluid for investigation, and availability of similar test
fluids dictates the selections. In such cases, it must be
determined which independent variables are of prime
importance to the investigation and on chis basis the test
fluid simulant should be selected. In making these selec-
tions, care should be takea to insure that conservative
results will be obtained.

Another important consideration in the selection of test
fluids is the effect of external variables. The effects of
aeration and vibraticn may become predominant and must
be accounted for. Conversely, if this variable is not
predominant, then special consideration should be given
to keeping the test fluid saturated with an inert gas and
in a state ¢ quiesvence.

Based on the above it becomes quite evident that the
selection of the proper test fluid, either "exact" or "'similar"
is dictated by the test fluid as the controlling variable in

the test and not subject to some uncontrolled variable.
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Pressurants and Dissolved Gases

Equally important in reactant selection is the selection
of pre~surization gas systems which will prevent all
foreseeable system contamination. This is of prime

importance where the test fluid is a high energy propellant.

Two cases where a pressurant gas is used in coniunction
with the main te:t fluid musi be considered. The pres-
surant may be present as a required factor in the test
design, or it may be present because it is not prohibited
and it makes manipulation of the liquid phase more con-
venient. This latter case includes gases, even air,
dissolved in the liquid before it is introduced into the
system, even though the free pressurant is not introduced
directly into the system.

Pressurant selection must follow the saine rules as those
for test fluid selection with regard to impurities, which
typically include O-, CO:2 and H; O in many pressurant
gases. The solubility of the pressurant in the liquid pro-
pellant should be known, and the degree of saturation
measured.

Pressurants can interact with the test liquid to change
compatibility effects. Thus dissolved gases seriously
affect cavitation behavior. The impurities in a pressurant
can have large effects, since they may react with the
propellant to give corrosive materials. These possible
effects must be considered in the test and system design.

The best way to ensure the high purity pressurant gases
is naturally to obtain them in the liquid state and then
vaporize the gas as needed; however, the pressurants
commonly used at the present, e.g., nitrogen and helium,
are usually stored as gas.

Pressurant gases for ase with test fluids should meet the
following minimum specifications:

a) Helium - AF Grade A No. 7500-156410
b) Nitrogen - MIL-P-27401A
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Other pressurants, e,g. argon, CO:, etc., should meet
ti1eir respective MIL SPECS where applicable. Generally,
tha wetness requirements for pressurants should be a
minimum of -60°F dew puint. However, in the case of
extremely reactive test fluids, e.g. fluorine, the miniinum
dew point should be -100°F,

Hence, it not only should be the availability and inertness
oi the pressurant which dictates its selection but also t" ¢
susceptibility of the pressurant to ahscrb conte.minants,
primarily moisture, either in stcrage or use,

Specimen Materials

Screening and nreliminary tests frequently make use of
marny different test materials, but in the more detailed tests,
the number of materials is greatly reduced. The program
objectives, systems design requirements or test constraints
due to material interactions put narrow limits on the
selections which may be made, Typically, tests in one
series are restricted to a few alloys of similar composition.
Instead of variation in the materials composition, variation
in its condition, finish, joining methods, plating, stress
load, and other factors which relate to fabrication, joining
and structural uses are frequently studied.

The material composition and condition should be documented
by whatever methods are appropriate. The documentation
should include the fabrication history of the specimens,
specifying location and orientation on the billet, sheet, or
other stock from which they were cut. All materials must
be traceable by lot number to the manufacturer.

Combinations of materials of different composition may show
unexgected interactions, and should be avoided in testing,
unless study of such interactions is the goal of the test.

Tests of components and systems are usually restricted to
those materials which have been incorporated by .he de-
signer. In this case, the test conductor has no control over
the materials and their condition in the test objects. There-
fore he should request accurate documentation from the
designer and fabricator,
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Again, many °f the requirements given above for test

fluids are applicable to the material selection. The

material should be the same as .hal contempleted in

service, if possible. I similar materials are needed,

the criteria on simulant selection should be applied

with particular emphasis on physical and mechanical

properties as well as degree of reactivity. '

2.4.4 Test System Ma.erials

It may not only be the fluid or specimen which are the
reactants. Test results may be invalidated if other sub-
stances, such as the container material, undergo a
reaction. The potential effects of an erroneous material
selection on a corrosion test is obvious as the large sur-
face 2rea of the susceptible container material could
completely negate the results of the test on a coupon =f
smaller surface area.

riedee -
»

2.4.5 Summary > -
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] - Selection of materials as reactants is critical not ouly to

the desire of having relative inertness in a system but

also o simulate as closely as possible the real service

material environment on the basis of temperature, .
strength of materials, etc. v
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2.5 Test Method Selection

2.5.1 Test Type :

The main requirement to he met is that the method of test
selected yield meaningful results consistent with the basic
objectives noted in Section 1.1, and the specific objectives
discussed in Sections 2.1 and 2.2 The numerous specimen :
types, test methods, and possible interactions may be Y
grouped under the iwo generic categories discussed below. ] §
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2.5.1.1 Static Test

-

This method involves exposure of the specimen under test
to the liquid, liquid-vapor, and liquid-vapor interface
phases under static conditions (that is, with no relative
motion applied and controlled as a test parameter).
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A subcategory of static test is one in which some portion
of the system is at an energy level above the rest of the
system:, but in which this excess energy does not cause
dynamic conditions to develop. Stress corrosion and
compression set tests are typical examples. In terms
of basic mechanistic considerations these tests are
quite different from simple static tests; however, the
test procedures, other than the application of the
specific load, are usually identical with nrocedures for
static tests.

Dynamic Test

This method involves exposure of the specimen under

test to dynamic conditions, typ‘cally flowing propellant,
environmental simulation, or funciional operation as in
service. This document is a procedure for static im-
mersion testing and it does not deal with dyhamic conditions
except for a few special cases.

Apparatus and System

The apparatus and system utilized to carry cut and
support the testing activities should be simple, and
should result in a minimal influence on the test specimen
and test results.

The design and selection of test apparatus must include

consideration of the effects of the external environment on the

test and on the system for which the test data are needed.
Such factors as vibration, leakage to the interior, shock,
stray magnetic fields, or humidity may have to be controlled.
In general, the internal test environment is analyzed to
determine to what variables it is sensitive, then the en-
vironment of the test is controlled to hold these variables
constant at some selected level, which may be zero.

Instrumentation

In general the test program will require instrumentation for
measuring specified parameters. The instrumentation
should be as simple as possible and should result in a
minimal influence on the results of the test. It is important
that the sensors, data output systems, and intermediate
devices should be stable over the duration of the test. All
instrumentation must be calibrated and traceable to the

National Bureau of Standards. The precision and accuracy
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should be appropriate to the controls applied to the test,
and to the accuracy needs for application of the data.
Excessive accuracy gains nothing, and costs a lot.

t i’ 2.5.4 Test Variables

. A knowledge of all the properties including the composition
"k Q‘ ' of every element involved in the test program is desirable
L in. order to make both the resolution and reproduction of
the data as reliable and accurate as possible.

- The number and level of testing depends upon the particular
L program requirements. The many possible variables should
g be carefully analyzed so that only the critical test variables,
s and their levels are established and adhered to during the

‘ © program.

2.6 Program Definition - Conclusions

L

(‘ Compatibility test procedures, costs, results, and data

: utility are under the strong influence of a wide variety of

] . parameters. It is necessary to identify and define the
specific important parameters in order to design the must
cost-effective test program which meets the program
objectives.
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APPEMDIX B

PREPARATION OF €A1-4V TITANIUM RESIDUE
SAMPLES FOR ANALYSIS

As Performed By The

Lawrence Liverinore Laboratory

Livermore, California

PLACEDING PAGE BLANK NOT FILMED
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BOEING SAMPLF PREPARATION

Reacent:

3N HC1 prepared from quartz distilled HC1 and Biomed distilled vater.

Conditions:

1. Reacent Blank: 2 milliliters (ml) 3N HC1 directly in Durathane bag

2. Sample Blank: 2 ml reagent rinsed in Roeing container then put in
Durathane bag.

3. Spike sample: 1 ml of spike solution containing 2 ug each of Al, V,
Ti, were dried 1n a Boeina container. 2 ml of reagent used to take
up residue ard transferred to bag.

4, Spike Reference: 1 ml spike solution and 2 ml reagents directly into

Durathane baa.

PROCEDURE :

1. Small Durathane baas were soaked in 6N HF for 2 hours, sinsed with
water (distilied) and soaked with 3N HC1 for 2 hours, then rinsed well
with distilled water. Baas were dried in freeze drying apparatus.

2. Freeze dryinag samples: Reagents were pipetted into the Boeina container,
dissolving the residue. The solution was then quantitively transferred
to the Durathane baa which was held in a polybag. A small Durathane
bag was put over the first one.

3. Samples were frozen in dry ice and LN,, placed in freeze drying
apparatus and pumped until dry.

4. Durathane bags were then activated in the reactor and counted,
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